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ABSTRACT
Polycyclic aromatic hydrocarbons (PAHs) have shown great promise to produce
new organic electronic materials. The networks of delocalized π-electrons present in these
conjugated molecules allow for the mobilization of charge carriers. Compared to traditional
electronic devices, this new class represents a more sustainable, lower cost, and solution
processable alternative. Instability and poor intermolecular interactions are two key
challenges preventing widespread adoption of said organic devices. However, the synthetic
nature of organic molecules allows for fine tuning of electronic properties, offering a
solution to these issues. Introduction of contorted conformations and heteroaromatic rings
to PAH systems are discussed within this document as two methods of improving the
properties of organic semiconductor materials.
The [n]helicenes and [n]circulenes represent two classes of contorted, ortho-fused
acene systems. [n]Helicenes are helically chiral structures, in which n denotes the number
of fused acene rings present in the helix. The optical properties of helicenes are chiralitydependent, however, smaller helicenes (n < 5) possess low racemization barriers and
interconvert rapidly at room temperature. Using a diary ketone-based synthetic approach,
we successfully imparted conformational stability to a helicene system with a ridged tether.
In the second class of molecules, the [n]circulenes, n denotes the number carbon atoms
present in a central ring on which acene rings are fused. Three conformations arise
dependent on n: n < 4 is bowl shaped, n = 6 is planar, and n > 6 is saddle shaped. We
applied the same diaryl ketone synthetic methodology to access larger circulenes, which
was ultimately unsuccessful. The progress and limitations of this diaryl ketone
methodology is presented herein.
[1]Benzothieno[3,2-b][1]benzothiophene (BTBT) and its derivatives compose one
of the best preforming classes of organic semiconductors. Functionalization of these
molecules has resulted in substantially improved device properties, however, substitution
at positions other than 2,7 has been largely unexplored. Our work represents a simple, yet
high yielding, synthesis of two ditriflate-BTBT derivatives. The utility of the triflate
synthetic handles as coupling partners was assessed, affording several novel
hexylthiophene-BTBT derivatives with broader implications of allowing access to a
multitude of BTBT derivatives. The work presented herein describes the successful
synthesis of 2,7- ditriflateBTBT, 3,8-ditriflateBTBT, and three hexylthiophene derivatives.
Additionally, the unexpected inversion of the 2,7-BTBT core is reported and its mechanism
explored.
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CHAPTER 1: ORGANIC ELECTRONICS

1.1 Background

For the better part of the past century, the idea of the semiconductor has been
synonymous with silicon-based devices known as metal oxide silicon field effect
transistors (MOSFET). These circuits are ubiquitous in daily life and are responsible for
the evolution of the information age. Semiconductive behavior is dependent on the energy
differences between the valence and conduction bands of a solid substrate, referred to as
the band gap (Figure 1). The size of this gap, measured in electron volts (eV), will
determine the electrical behavior of a solid. If the gap is large, the material is an insulator;
if it is nearly or entirely nonexistent, then it is a conductor. However, a material that is not
a conductor but possesses a nonzero band gap smaller than 4 eV is a semiconductor.

Figure 1: A simplified comparison of the band structures present in an insulator (left),
semiconductor (center), and conductor (right). The band gap between the valence bands
(blue) and conduction bands (red) is shown. The fermi level (Ef) denotes the distribution
of electron energy states at 0 K, lying approximately in the middle of band gap.

1

When given sufficient energy to overcome the band gap, a valence electron will be
promoted into the conduction band and is now considered a charge carrier. Band structure
is approximately related to the molecular orbital energies of the material, with the highest
valence band being the highest occupied molecular orbital (HOMO), while the lowest
valence band is equivalent to the lowest occupied molecular orbital (LUMO).
Semiconductor design is largely focused on a practice known as band gap engineering,
which entails improving existing materials through the fine tuning of these energy gaps.
The silicon used to make semiconducting devices has been refined to either
amorphous or crystalline form. The latter produces superior devices, however, must first
be processed through a tedious and energy intensive method known as the Czochralski
process.1 While silicon is undoubtably the most well-known semiconducting material,
other group 14 elements have similarly displayed semiconducting behavior. More recent
investigations have begun to focus on π-conjugated carbon-based molecules as organic
semiconductors (OSCs). The semiconducting behavior of these molecules is entirely due
van der Waals interactions which governs intermolecular π-π orbital overlap. Charge
carriers utilize these interactions to pass from molecule to molecule when influenced by an
electric field.2 The rate at which this transport occurs is termed mobility, the metric by
which semiconductors are compared and is measured in cm2V-1s-1. Mobility is influenced
by both the molecule and the macromolecular structure. The molecule must be stably redox
active with a neighboring molecule in the correct orientation and proximity to facilitate ππ interactions. As a result, the bulk three-dimensional arrangement of the material and the
electronic behavior of the individual molecular units are equally important. The distinct
2

advantage of organic semiconductors over traditional inorganic semiconductors is both
properties can be tuned through synthetic approaches. Organic molecules are also cheaper
to produce and can be solution processable. This makes for more sustainable and adaptable
semiconducting material.
OSCs have been under investigation for several decades; Their observed charge
transport and emission properties have led to a new generation of materials such as organic
light emitting diodes (OLEDs),3 organic field effect transistors (OFETs), and organic
photovoltaics (OPV)4. Beyond application driven research, OSCs provide insight into the
fundamentals of charge transport within π conjugated networks.5 While the outlook on
OSCs is favorable, current mobilities are a far cry from that of inorganic semiconductors.
Research efforts are currently aimed at enhancing charge transport characteristics through
modification of crystal packing, solubility, and stability.

1.2 Organic Semiconductors

The potential of conjugated organic molecules as semiconductors was first realized
through early field effect measurements, which demonstrated the conductive ability of
metal-free π-conjugated molecules, namely phthalocyanine6 and trans-polyacetylene.

7-9

The first functioning OFET, reported in 1987, employed a polythiophene thin film to
achieve mobilities of 2×10-5 cm2V-1s-1.10 This discovery led to the synthesis of a variety of
oligothiophenes based devices, along with other chalcogens.11-13 Eventually devices
utilizing alkylated oligothiophenes, such as diethyl-substituted sexithiophene (α,α’3

diethylsexithiophene) with mobilities of 1.1 cm2V-1s-1, surpassed that of amorphous silicon
(Figure 2).14

Figure 2: Four examples of early OFET materials.
Similarly, the large π-conjugated networks of polycyclic aromatic hydrocarbons
(PAHs) made this class molecules attractive candidates for OFETs investigation. The
successful characterization of nanocarbons such as carbon nanotubes (CNT),15 fullerenes,16
and graphene17 (Figure 3) demonstrated the unique redox properties of π-extended systems,
which undoubtedly augmented the already growing PAH-OFET interest. Unfortunately,
the nanocarbons are notoriously difficult to solubilize whilst maintaining conjugation. This
culminated in a focus on smaller PAH systems which imbued the favorable electronic
properties of nanocarbons while maintaining solubility. Since then, the modification and
synthesis of PAHs has become a focal point of OSC research.18-19
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Figure 3: Nanocarbon allotropes from left to right: Fullerene-C60, Carbon nanotube, and
Graphene.
The crystal structures of conjugated networks must enable proper π-orbital overlap
to facilitate intermolecular electron transfer. Interestingly, PAHs display a degree of
polymorphism between four types of crystal packing motifs (Figure 4): herringbone,
sandwich, γ, and β. These crystallization trends are highly dependent on the number of CH and C-C interactions. An abundance of C-H interactions will produce a herringbone
motif, the most common packing motif for PAHs which unfortunately produces the least
amount of π-π interaction. As the number of C-C interactions increase, the packing
becomes increasingly graphite-like and progresses from sandwich to γ and finally, β.20-21
Graphite-like packing produces superior electron mobility due to the enhanced alignment
of π-orbitals.22
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Figure 4: The four basic PAH crystal packing motifs as exemplified by A) naphthalene
(herringbone), B) pyrene (sandwich), C) coronene (γ), and D) para-diindenocorannulene
(β).
Linear acenes can be considered as a ubiquitous model to highlight the key
challenges currently facing virtually all small molecule organic electronics. As more acene
units are added to extend the π-system, the band gap decreases.23-24 However, acene length
inversely correlates with stability and solubility, rendering unfunctionalized higher acenes
either too unstable or insoluble to be of any use. Instability stems from the limitations of
aromaticity within larger systems, which must be discussed before examining the higher
acenes.
1.2.1 The Clar Model of Aromaticity

The 1931 work of Hückel formulated the renowned 4n+2 rule to explain the
aromaticity of benzene, however this rule only applies predictably to small aromatic
systems.25-27 Clar’s 1971 model of aromaticity was developed to define aromaticity within
6

PAHs, focusing on the number of complete aromatic sextets or the 6n π-electron rule.28
Largely inspired by the work of Armit and Robinson,29 Clar’s rule states the Kekulé
resonance structure with the maximum number of isolated aromatic π-sextets and the
minimum number of isolated double bond is the most aromatic and stable. This structure
will be the largest contributor to the resonance hybrid and the most significant for the
characterization of the compound.
Figure 5 represents three different applications of Clar’s rule. In the first case of
phenanthrene (Figure 5a), the resonance structure on the right has the most complete
sextets, making it the more stable Clar structure. This is supported experimentally by
phenanthrene’s reactive olefin-like double bond, indicating the validity of the predicted
electron locality. Triphenylene (Figure 5b) is defined as fully benzenoid, meaning it consist
of isolated aromatic sextets next to “empty” rings with no localized π electrons. These types
of benzenoid sextets are considered the most aromatic and kinetically stable. Triphenylene
is more stable than phenanthrene, which can be described simply by considering
triphenylene as a benzannulated derivative of phenanthrene. The utility of benzannulation
to stabilize an otherwise reactive double bond will be demonstrated in later sections. The
resonance structures of anthracene (Figure 5c) consist of the same number of sextets and
localized double bonds. Therefore anthracene, and other linear acenes, have a delocalized
migrating sextet.
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Figure 5: Examples of Clar aromaticity shown through the designation of a complete
sextets. Phenanthrene (A), Triphenylene (B), and anthracene (C).
While benzene and naphthalene are resistant to decomposition, acenes become
increasingly prone to photooxidation or dimerization as length increases. This instability
results from the successive reduction of the band gap and ionization potentials, which are
the same attributes responsible for their semiconducting behavior. This coincides with the
sequential loss of aromaticity predicted by Clar's qualitative sextet concept.30 Clar also
provides additional explanation for the preferential reactivity of the central rings in linear
acenes. The resulting loss of aromaticity at the central acene ring bisects the migrating
sextet into two smaller aromatic systems. The product will have a higher number of isolated
sextets and will therefore be more stable. This is further supported by nucleus-independent
chemical shifts (NICS) studies, which demonstrated the comparatively lower activation
energy of the middle ring and the lower energy of its products.30-31 Other types of
quantitative data of aromaticity can be derived structurally, magnetically, and
energetically; utilizing methods such as harmonic oscillator model for aromaticity
8

(HOMA), NICS, resonance energies (RE), and molecular electrostatic potential (MESP).3137

Clar’s aromatic sextet theory relies on qualitative technique, validated both

experimentally and theoretically.

1.2.2 Improving the Stability of π-Extended Systems

Stability improvements of pentacene (Figure 6), have been studied extensively to
reveal major trends that apply broadly to the stabilization of otherwise reactive π-extended
molecules.38-39 Pentacene has boasted mobilities of up to 5 cm2V-1s-1,40 but initially
couldn’t be practically utilized due to insolubility and instability under ambient
conditions.41 One of the first solutions was the synthesis of “masked” acenes (Figure 6),
wherein a labile functional group is installed to create a stable acene precursor.42 This could
then be deposited on to a substrate and subsequently transformed into the parent acene
through pyrolysis, photolysis, or thermolysis. Masked acenes proved to be more soluble
and stable than nonfunctionalized parent molecules, allowing access to higher acenes for
the first time. However, the unmasked pentacene still oxidizes as a solid, hindering their
commercial application.38 Alternatively, nonlabile functionalization has been shown to
accomplish the same objective while simultaneously effecting the crystal and electronic
properties. In the iconic case of 6,13-bis(triisopropylsilylethynyl)pentacene (TIPSpentacene), the TIPS groups have an insulating effect as a result of increase steric bulk.
This hinders intermolecular interactions along a single axis, resulting in a two-dimensional
columnar π-π interaction array, whilst increasing resistance to photooxidation.38, 43-44
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Figure 6: Stabilized pentacene derivatives: TIPS- and masked pentacene, as shown along
with generation of pentacene through the removal of the labile mask. Two prominent
pentacene decomposition pathways are shown on the right: photolytic (top right) and
oxidative (bottom right).
A considerable number of pentacene derivatives have been synthesized and
investigated revealing sulfur containing alkylthio- and arylthio-pentacenes to be the most
resistant to photooxidation due to a decreased HOMO−LUMO gap, while simultaneously
soluble in common organic solvents.45 Unfortunately, functionalization leads to
reorganization of the crystal structure, often decreasing π-π interactions and thus mobility.
This

tradeoff

between

stability

and

performance

necessitates

a

fine-tuning

functionalization. Interestingly, acene systems containing embedded sulfur-based
heteroaromatic thiophenes also benefit from increase stability, whilst maintaining high
mobility. π-extended thiophenes have become a one of the top preforming OSC classes and
will be revisited shortly.
Substitution patterns which increase steric crowding, such as ortho-benzannulation
and incorporation of large functional groups, tend to yield similar results. This effect is
twofold: reactive sites are hindered, and packing is altered. In more extreme cases, this
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bulk can produce distortion from planarity while simultaneously extending the π-system
and increasing both solubility and stability. As a result, this class of contorted aromatics
have shown impressive optical and electronic properties.

1.3 Contorted PAHs

Interest in contorted molecules stems largely from graphene and fullerene-C60
(C60). Graphene has become the gold standard of conductive organic materials due to ideal
π-π interactions between molecular sheets. Graphene modified by inducing defects have
displayed unique electronic properties and conformational distortions.46-47 These arise
when a non-hexagonal ring is introduced into the graphene lattice through the Stone-Wales
effect.48 An extreme example of this effect is the spherical shape of C60, which results from
the twelve pentagon rings among twenty aromatic hexagons giving rise to a truncated
icosahedron. C60 is an electron acceptor making it one of very few n-type PAHs.49 The
incorporation of a similar defect-like curvature into smaller PAH systems has resulted in
distorted molecules with improved conduction and solubility.
The distortion resulting from nonlinear benzannulation is often a direct result of
steric overcrowding. In smaller linear acenes, bay or fjord regions are congested by
substituents and the system must contort minimize strain. As these systems increase is size,
the fused rings overlap resulting in an increased degree of contortion. Two classes arise
from these effects: Twistacenes and helicenes, respectively (Figure 7). Continuing with the
theme of linear acenes, the anthracene derivative decaphenylanthracene (DPA), considered
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one of the simplest twistacenes, utilizes the bulk of peripheral phenyl groups to induce a
63° twist from end to end.50 While spectroscopically very similar to anthracene, DPA
displays reversable electrochemistry and prolonged electrogenic chemiluminescence.
These properties necessitate the existence of a stable charged state, a direct result of the
phenyl groups sterically protecting the electron rich anthracene core.51 Additional
benzylation of twistacene molecules has shown impressive OLED properties.52

Figure 7: Three examples of twisted acenes: Twistacene (decaphenylanthracene),
[n]helicene ([4]helicene), and π-extended helicene (dibenzo[g,p]chrysene) ([4]-helicene
motif shown in blue).
The ortho-benzannulation of naphthalene introduces steric crowding to the fjord
region of the molecule, imbuing the central naphthalene ring with a 35° end-to-end twist.5354

This is the simplest example of a helicene, specifically [4]helicene. The helicenes

represent a class of ortho-fused rectilinear acenes where chiral helicity is an emergent
property resulting from intramolecular nonbonding repulsion between the termini of the
molecule. As helicene length increases, a helicity becomes increasingly pronounced,
12

evoking a spiral shape. The [4]helicene moiety is present many distorted aromatics;
Dibenzo[g,p]chrysene, for example, (DBC) can be considered an ortho-benzannulated
[4]helicene. Electronically speaking, helicenes have displayed π donor characteristics in
charge transfer complexes.55 The optical properties of helicenes are dependent on chirality
and thus configurational stability, which increases with helicene length as the racemization
barrier increases. [4]Helicene only needs to overcome hydrogen repulsion and as a result
interconverts rapidly at room temperature.56 Resolving enantiopure helicenes while
simultaneously improving the configurational stability has been the focus of helicene
research over the last two decades.

Figure 8: Hexa-cata-hexabenzocoronene displaying β-packing ([4]helicene motif
depicted in blue).
The [4]helicene motif is present in the circulene, hexa-cata-hexabenzocoronene (cHBC), similarly distorting from planarity through fjord region congestion (Figure 8). The
combination of extended π-surfaces and curved topology facilitates complementary
intermolecular interactions guiding the self-assembly of highly ordered stacks of circulenes
in the crystalline phase (Figure 8). The resultant β-packing increases the degree of graphitelike π-π interaction, leading to a conductive axis along the stack. The increased solubility,
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stability, and intermolecular interactions afforded by PAH distortion and their implications
towards the improvement of OSCs will be discussed herein.

1.4 Thiophenes

As mentioned, many thiophene based conjugated polymers have been studied for
their semiconducting behavior. Fused aromatics containing thiophene units have also
proven useful as OFETs. While thiophene is aromatic, it has the added advantage of
resisting oxidation because of the lack Diels-Alder active center present in linear acenes.13
Pentathienoacene (PTA) is a five unit fused thiophene system with a similar degree of
conjugation as pentacene while also being rigidly planar.57 The crystal structure of PTA
reveals a slipped π-stacking emerging from the decreased C-H interactions (compared to
pentacene) and presence of S-S interactions. The latter interaction is unique to thioacenes
and provides more efficient orbital overlap through improved packing. Unsurprisingly,
PTA possesses a lower HOMO energy level and larger band gap than pentacene, affording
increased stability.

Figure 9: Selected examples of fused thiophene materials.
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Various oligoacene analogs such as anthra[2,3-b]thiophene and tetraceno[2,3b]thiophene, also displayed a stabilizing effect resulting from terminal thiophenes.58-59
However, the comparatively decreased number of sulfur atoms results in herringbone
crystal structures similar to their respective parent acenes. Benzene terminated thioacenes
are another widely studied molecules of this class. A remarkable member of this group,
[1]benzothieno[3,2-b][1]benzothiophene (BTBT), displays exceptionally high solubility,
stability,

and

mobility.

The

dialkylated

2,7-dioctyl[1]benzothieno[3,2-

b][1]benzothiophene (C8-BTBT) currently holds one of the highest mobilities of all OCS
due to excellent crystal packing. Incorporation of thiophenes into fused aromatic systems
has proven an important strategy for organic electronics through the improvement of
stability, π-π interaction, and solubility.

1.5 Conclusion of Introductory Remarks

OCSs present the exciting prospect of cheap, solution processable devices.
However, two key challenges must be addressed before widespread application can occur:
mobility and stability. Both issues can be solved through synthetic realization of new PAHs
systems which incorporate distortion or thiophenes. Mobility is improved through better
crystal packing and intermolecular π-π interaction between π-extended molecules.
Thiophenes utilize improved S-S intermolecular interactions and distortion allows for
better host guest interactions between π-extended systems. Benzannulation of otherwise
reactive sites produces more stable benzenoid ring systems and thiophenes incorporated
into the center of π-extended systems prevents decomposition reactions without breaking
15

aromaticity. The methods outlined above have demonstrated the ability to solve the key
challenges facing OSCs. The synthetic realization of novel distorted PAHs and
thienoacenes will be discussed within this document.
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CHAPTER 2: CONTORTED POLYCYCLIC AROMATIC HYDROCARBONS

2.1 Introduction

From a theoretical standpoint, sequential ortho-benzannulation will eventually
reach a point where the molecule cannot incorporate more acene units without inducing
strain. The molecule undergoes conformational adaptations to achieve an energy minimum.
These adaptations manifest themselves through different topology types dependent on the
terminus of the ring system. There are two paths of distortion: If the termini bypass each
other and distort out of plane, this is a [n]helicene with helical topology; If the termini join
to form a circular system, this is a [n]circulene. These two examples are shown below in
the case of [7]circulene and [7] helicene (Figure 10). This chapter will discuss the effect of
these types of distortions and their emergent properties.

Figure 10: Two types of ortho benzannulated PAHs [7]Circulene (left) and [7]Helicene
(right).
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2.2 Strain Inducing Synthetic Strategies

The successful synthesis of a distorted PAH must possess adequate thermodynamic
drive to overcome high energy geometries whilst simultaneously avoiding hindered
transition states. Before continuing the discussion of strain, we must first examine the key
reactions used in their synthesis. Though there are a multitude of strategies to achieve this
goal, this section will focus on cyclizations through non-reversible annulations,
specifically, Scholl reactions, photocyclizations, Pd-catalyzed arylations, and Ru-catalyzed
cyclizations. Considerable attention will be afforded to the Scholl reaction,60 an especially
attractive oxidative cyclodehydrogenation for PAH systems as additional functionality is
typically not required. The mechanism is still disputed between an arenium-ion and cation
radical mediated pathway, however the current consensus suggests a contribution from
both pathways.61-62 The intramolecular nature of these ring closures requires site specific
regiochemistry to afford the intended ring size. Installation of aryl ring at the correct
annulation sites has been thoroughly investigated, with diaryl ketones displaying an
intriguing utility.
A range of reactions have proven to be capable of introducing additional rings to
diaryl ketones is provided in Scheme 1. One of particularly utility is the Ramirez reaction,
also known as the Ramirez–Corey–Fuchs reaction, which transforms ketones into
dibrominated olefins.63 The first of many implementations of this reaction towards the
synthesis of PAHs was performed by Scott in 200464 as one of the key steps of their
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napthoannulation strategy, more recently by Nuckolls in the synthesis of hexa-catahexabenzocoronene and its derivatives,65-66 and extensively by Miao in the synthesis of a
number of contorted PAHs containing seven membered rings.67-68 The resulting
dibromoolefin can act as a synthetic handle for subsequent metal-catalyzed crosscoupling
reactions that can be used to incorporate additional rings. Said rings can then be annulated
through the aforementioned cyclization methods.

Scheme 1: Common strain inducing synthetic strategies used to convert diaryl ketones
into annulated ring systems.
When steric hindrance prevents implementation of the Ramirez reaction, the
Barton-Kellogg reaction is an ideal alternative. While the use of this reaction in chemical
19

synthesis is quite rare, it has found particular utility in the synthesis of highly congested
carbon-carbon double bonds.69 The Barton-Kellogg reaction proceeds through a sterically
unencumbered thiadiazoline intermediate that then decomposes into a thioepoxide which
can be converted into a strained olefin. The ability of these reactions to produce strain will
be demonstrated throughout the following chapter, discussing the synthesis of
orthobenzannulated PAHs.

2.3 The [n]Helicenes

The production of thermally stable, enantiopure, contorted acenes has been a
coveted goal in the field of nonlinear optics (NLO) for the last 60 years.70 The ability to
access said acenes has been described extensively, however, maintaining chirality is often
difficult at higher temperatures.71 Inducing torsion in acenes systems has been
accomplished through several different methods, upon examining the literature, two
methods dominate. The first applies to the previously discussed twistacenes, which are
otherwise non contorted rectilinear acenes. Contortion is achieved through the substitution
of peripheral hydrogens with sterically demanding substituents to introduce an adequate
degree of steric crowding to produce structural deformation.72 These molecules boast high
angles of torsion; however, they are known racemize at room temperature.73 The second
method introduces strain via ortho-fused benzene rings; an extreme case of said method is
a class nonlinear acenes known as helicenes.
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Despite the absence of a stereogenic center, this class of molecules possesses a
helical structure which imbues chirality. Helicene application in the fields of chiral
recognition,55 spintronics,74 circularly polarized luminescence,75 molecular machines,76
and chiral single-molecule devices77 is entirely dependent on accessing enantiopure
samples. Naturally, the barrier of racemization increases with each additional acene unit
added to the helicene motif, making [6]helicene and higher conformationally stable at room
temperature.78 The resolution of enantiopure helicenes has been accomplished through
asymmetric synthetic strategies followed by chiral purification, though enantioselective
syntheses exist.79-80 It should be noted that many interesting heterohelicenes exist but will
not be discussed herein. This chapter will focus exclusively on hydrocarbon based
carbohelicenes, which will simple be referred to as helicenes.

2.3.1 [4]Helicene

[4]Helicene, the smallest of the helicenes, is the simplest example of the effects of
fjord area congestion on an otherwise planar PAH. In the case of [4]helicene, the peripheral
hydrogens in the fjord region are sterically repulsed, causing the ring to adopt a twisted
conformation to minimize strain. Observation of larger contorted PAHs will often reveal
the incorporation of several [4]helicene motifs where identical steric H-H repulsion is
responsible for distortion. While the synthesis of [4]helicene was reported several times
in the early part of the 20th century: 1913,81 1918,82 then again in 1931;83 these
methodologies were both low yielding and cumbersome. As a result, [4]helicene would
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fade into obscurity for the next 35 years until Schölz’s 1967 photocyclization based report.
84

This method utilized subjected the extended stilbene, 4, to ultraviolet (UV) radiation to

afford [4]helicene.

Scheme 2: There reported examples of [4]helicene synthesis: (Top) Scott et. al. diaryl
ketone method, utilizing a ramirez reaction and a Ru-catalyzed cylization. (middle) Schölz
et al. photocyclization method.
Two improved, non-photochemical, metal-catalyzed cycloisomerization based
approaches were reported in the early 2000s. The first was in 2004 by Scott et al. utilizing
a diaryl ketone methodology through a Ramirez reaction of benzophenone (1) and carbon
tetrabromide to afford the dibromoolefin (2). A subsequent Sonogashira coupling with
TMS-acetylene yielded the protected diyne, which was deprotected and subjected to a
ruthenium-catalyzed

cycloisomerization

with
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(Ph3P)Ru(cymene)Cl2

to

afford

[4]helicene.64 A platinum-catalyzed cycloisomerization based report in 2007 by Storch et
al. utilized a Suzuki coupling of 2-bromo-1-trimethylsilylethynylbenzene (5) and 1naphthaleneboronic

acid

catalyzed

by

palladium

2-(2′,6′-dimethoxybiphenyl)

dicyclohexylphosphine ([Pd2(dba)3]) to afford 6. 5 was prepared via Sonogashira coupling
of 2-bromo-1-iodobenzene and TMS acetylene. The following carbocyclization of 6 was
catalyzed by PtCl2 along with the simultaneous cleavage of the trimethylsilyl group to give
[4]helicene.85
The aforementioned low racemization barrier of [4]helicene prevents the resolution
and characterization of unsubstituted enantiomers impossible. As a result, [4]helicene was
initially the least studied helicene. However, substitution of larger substituents into the
fjord area was shown to introduce enough steric repulsion to allow isolation of the
enantiomers. The synthesis of enantiopure [4]helicenes will be discussed, in detail in the
following section.

2.3.2 [5]Helicene

[5]helicene is similar to its smaller homolog in two ways: the [5]helicene motif is
a vital stain inducing component of larger contorted PAHs, and the initial synthesis in 1918
was low yielding. This 1918 method utilized a Pschorr cyclization,86-87 which suffered from
the competing formation of a linear isomer. The Pschorr reaction consists of the copper
catalyzed intramolecular coupling of amino functionalized phenanthroic acids through a
diazonium salt. Modifications to the Pschorr reaction produced the notably improved 1933
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synthesis of [5]helicene,88 in which nitro groups were reduced with ammoniacal ferrous
sulfate and subsequently transformed to the diazonium salt. A copper catalyst was then
used to cleave the diazonium to generate the aryl radical, which then underwent a ring
closure. This was followed by aromatization via copper catalyst to afford both the expected
product, 9, and the linear isomer byproduct (9.1). The dicarboxylate (9) was then thermally
decarboxylated to afford racemic [5]helicene.

Scheme 3: Early syntheses of [5]helicene: Pshorr (top) and Diels-Alder (bottom) based
methods.
This was followed by several reports of other helicene syntheses,89-91 most notable
was Weidlich’s 1938 large scale Diels-Alder based approach, which was later improved
by Altman et al.92 Recent methodology developments have resulting in a shift to a benzylic
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coupling based approach, most notably McMurry93 and platinum catalyzed94 couplings.
Like [4]Helicene, [5]helicene relies on fjord area interaction between peripheral
substituents to achieve strain and has a low racemization barrier. However, can still be
resolved but will racemize slowly at room temperature. Racemization barrier increases to
a substantial degree with the addition of one more acene ring.

2.3.3 [6]Helicene

Despite being discovered at the turn of the 20th century,95 helicene research wasn’t
able to break into the mainstream until the synthesis and subsequent resolution of
[6]helicene, or hexahelicene, was reported by Newman et al. in 1956.96 This was achieved
through the initial cyclization of 12 with anhydrous hydrofluoric acid. A Wolff-Kishner
reduction was then utilized, followed by the conversion to the acyl chloride, which was
then consumed in the subsequent Friedel-Crafts acylation. The Wolff-Kishner reduction
was then repeated to afford the saturated skeletal ring system (15). [6]Helicene was formed
through a catalytic dehydrogenation over ruthenium impregnated alumina.
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Scheme 4: Synthesis of [6]circulene by Newman (top) and Collins (bottom).
The resolution of the hexahelicene racemates where separated through
recrystallization with either (+) or (-) 2-(2,4,5,7-tetranitro-9-fluorenylideneaminooxy)propionic acid (TAPA) in benzene. The isolation of enantiopure [6]helicene allowed for
the investigation of the nonlinear optical properties of helicenes to be studied for the first
time. Helicene chirality is determined with respect to the specific optical rotation of the
compound: If it has positive or dextrorotatory specific rotation it is (P)-helicity; if it has
minus or levorotatory specific rotation it is (M)-helicity.97

Figure 11: The two [6]helicene enantiomers, designated by helical chirality.
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These findings represented a watershed moment for the helicenes, pushing them
out of the realm of academic curiosity and into that of application driven investigation.
This naturally drew considerable interest to the field of helicene chemistry with many new
helicene approaches reported following the revolutionary discovery by Newman et al.
Recently, [6]helicene was synthesized by Collins et al. via ring closing olefin metathesis,
displaying the remarkable ability of grubs 2nd generation catalyst to produce strained
aromatic systems in impressively high yields (Scheme 4).98 Hexahelicene is the first of the
helicenes to display the effects of end-to-end acene steric repulsion, drastically increasing
the racemization barrier.

2.3.4 The Higher Helicenes

Racemization energies steadily increase along the helicene series until [n] ≥ 7, when
the terminal acenes begin to eclipse. At this point the energy barrier plateaus and helicenes
of seven and higher are considerably harder to racemize. The first successful synthesis of
[7]helicene, or heptahelicene, was reported by Martin et al. in 1967 through the
photocyclization of 1,2-bis(3-phenanthryl)ethylene (18).99 Heptahelicene is the first case
of a double layer helicene, where the acene systems stack on top of each other.
Impressively, the same group went on apply this methodology to larger helicenes, reporting
[8] and [9]helicene the next year.100 This paper also included improved photocyclization
based syntheses for [6] and [7] helicenes. Over the following decade Martin et al. would
report helicenes of up to [14] though the same double photocyclization method. However,
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it should be noted that the synthetic strategy to the olefin was altered, utilizing a Wittig
based approach.101-102 [14]helicene is considered a triple layer helicene and was
synthesized through a [3]+[6]+[3] photocyclization and would be the largest helicene for
the next 50 years.

In 1991 the improved Katz‐modified Mallory photocyclization

methodology was reported, utilizing propylene oxide as a proton scavenger to further
increase the yield of these cyclizations.103

Scheme 5: Photocylization approaches towards the synthesis of [7]helicene. The Initial
photocyclization by Martin et al. (right) and the regioselective bromine directed
photocyclization by Katz et al. (left).
Photoreactions suffer from two disadvantages: absolute stereochemistry is difficult
to control and high dilution in carcinogenic solvents is necessary. Katz et al. developed an
improved bromine directed photocyclization to control regioselectivity, increasing the
yield of [7]helicene substantally.104 This method has become the standard for
photocyclization of stilbenoid precursors. In 2015 this method was used to synthesize
[16]helicene, the largest helicene to date.105 Other novel methodologies of note included
the Heck‐type synthesis of [7]helicene106 or the Co/Ni-catalyzed intramolecular [2+2+2]
cycloisomerization based synthesis of [11]helicene.107
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Scheme 6: Synthesis of [14]helicene via [3]+[6]+[3] photocyclization. The bracketed
numbers correspond to the number of ortho-annelated benzene rings in each vinyl
separated group.
2.3.5 Enantiopure helicenes

The investigation of chiroptical properties of helicenes necessitated the production
of enantiopure products. This is achieved through the chiral purification of a racemic
mixture as seen previously with separable diastereomeric charge-transfer complexes of
hexahelicene and (–)-TAPA. Enantioselective synthesis of helicenes have been reported
utilizing chiral solvents,
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chiral catalysts additives,80 and circularly polarized light;109

However, while these methods are capable of producing enantioenriched helicenes they
often sacrifice high enantiomeric excess (ee) for lower yield and still necessitate the use
of chiral purification for an enantiopure product. For this reason, asymmetric synthesis of
helicenes followed by high performance liquid chromatography (HPLC) with
functionalized silica is still the preferred method. While this is sufficient for most
helicenes, the low racemic barrier of [4]helicene prevents the use of these resolution
techniques, necessitating a unique approach.97 Installing substituents at the 1‐and 12‐
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positions of the terminal rings allows for overcrowding of the fjord region, increasing the
racemization barrier to allow isolation of enantiomers.
The first example of this was Newman’s 1952 synthesis and resolution of 1,12dimethylbenzo[c]phenanthrene-5-acetic acid. The resulting enantiomers were shown to be
configurationally stable up to decomposition (250 °C).110 Comparatively, the thermal
racemization of unfunctionalized [5], [6], [7],[ 8], and [9]helicenes has been shown to occur
slightly above their respective melting points.78,
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A multitude of 1,12-substituted

[4]helicene derivatives have been synthesized in the time since, showing a methyl group
or larger must be installed at both positions to conformationally lock the molecule at
temperatures higher than 25 °C.112-116 The addition of peripheral fused benzenoid rings to
the helicene extends the π system while simultaneously introducing another crowded fjord
region. The resulting structure, DBC, is more distorted and possesses a larger surface for
π-interaction.

Figure 12: [4]Helicene (left) and the π-extended DBC (right).
DBC is the smallest structure to contain multiple helical entities as it is composed
of two [4]helicene units connected through a shared naphthalene moiety (Figure 12). This
geometry is a result of steric congestion imposed by peripheral fjord region hydrogens first
studied by Herbstein;54 However, like [4]helicene, DBC racemizes in solution at room
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temperature. The extensive studies into the effects of large substituents in the fjord regions
of DBC revealed increased racemization barriers and distortion.117-118 The drawback of this
approach is these bulky groups often impart electronic substituent effects, thereby effects
of stain on the hydrocarbon skeleton are difficult study directly in these types of systems.
This limitation offered an opportunity to study the effects of introducing “pure” stain while
also minimizing said substituent effects.
2.3.6 Helically Locked Dibenzo[g,p]chrysenes

The installation of rigid, bridging tether on an otherwise racemic twisted PAH has
resulted in a drastic increase the racemization barrier. Recent work by Gidron et al.
afforded the first helically locked twistacene, inspired by a prior report by Bowell et al.
demonstrating the ability of tethers to induce nonplanarity (Figure 13).119-123

Figure 13: The helical locking of pyrene and anthracene derivatives via alkoxy tethers.
However, the tethers referenced are composed of alkoxy groups, which are
electrons donors to the ring system. This obscures the direct effects of strain on the
electronic properties of these PAHs. To further investigate the effects of strain in [n]
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helicenes we devised a strategy to conformationally lock DBC utilizing a bridging
phenylene tether. This system would impart a degree of fjord region crowding similar to
methyl groups referenced above, while also minimizing substituent effects through an
electronically inert methylene spacer. The well-known [13]orthocyclophane ([13]OCP)
skeleton was chosen based on its simplicity to synthesize and properly spaced methylene
groups. These molecules have been shown to oxidize to the monoketone, a diaryl ketone.124
As discussed in the beginning of this chapter, the diary ketone is a prime synthetic handle
for the olefination reactions necessary to synthesize a strained system.
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2.4 Imparting Conformational Stability on Helicenes with a Rigid Tether

Our strategy began with the synthesis of [13]orthocyclophane, illustrated in Scheme
7, according to the method reported by Lee et al125 in which the tetrahydropyranyl ether
(OTHP) protected Grignard reagent (20) was reacted with benzyl bromide and
subsequently deprotected to afford the alcohol (21). This is then brominated with
Phosphorus tribromide (PBr3) and subjected to the same Grignard and deprotection
conditions, resulting in 23. This then undergoes an acid catalyzed Friedel-crafts alkylation
in the presence of sulfuric and acetic acid to afford [13]orthocyclophane (24).

Scheme 7: Two methods of [13]OCP synthesis leading to the Aryl Ketone, K1.
This strategy was inspired by earlier work by Sato et al.126 which synthesized
[13]OCP through a Friedel-Crafts alkylation of diol 26 with benzene in concentrated acetic
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acid Scheme 7. This route was initially avoided in favor of Lee’s Grignard based approach
for two reasons: 1) Lee’s method is expandable to larger ring systems, which suited future
research objectives. 2) Sato’s reported synthesis of diol 26 is eight steps with an overall
yield of 20%. However, upon discovery of Schmuck’s 127 improved three step synthesis of
26 from commercially available 5-dibenzosuberenone (25), the diol approach became a
much more attractive choice. This was achieved through an initial reduction followed by
ozonolysis with a reductive work up in 90% yield. The diol was then subjected to acid
catalyzed alkylation with benzene to afford [13]OCP in half the steps required for the
Grignard approach. This method proved more suitable for large scale preparation of 24.
[13]OCP was oxidized according to known procedure with sodium dichromate in
refluxing acetic acid to afford the monoketone.124 With the diaryl ketone in hand , it’s utility
as a synthetic handle was assessed as shown in Scheme 7. Unfortunately, the Ramirez
reaction was unsuccessful, preventing further investigation of this route. The McMurry
reaction was similarly fruitless, leading us to conclude that positioning of the phenyl rings
of OCP likely wouldn’t allow a sterically demanding transition state.

Scheme 8: Several attempted diaryl ketone transformations, displaying the unsuccessful
McMurry and Ramirez approaches.
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Following this failure, we turned our attention towards the Barton-Kellogg reaction
due to its unencumbered transition state, which proved to be successful (Scheme 9).
Thiolation of the diaryl ketone (K1) was achieved with Lawesson’s reagent to afford the
thioketone, which was unable to be isolated in pure form and therefore reacted directly
with one molar equivalent of the diphenyldiazomethane (DDM), providing the episulfide.
The DDM was accessed through two methods, chosen dependent on scale: Method A69 is
suitable for expedited, small scale syntheses while method B128 was considerably saleable
but time consuming. The desired olefin (O1) was obtained by refluxing the episulfide in a
solution of xylenes and triphenylphosphine (PPh3). Subsequently, the final two bonds of
the dibenzo[g,p]chrysene core were formed through oxidative cyclodehydrogenation
employing

2,3-dichloro-5,6-dicyano-1,4-benzoquinone

(DDQ)

and

trifluoromethanesulfonic acid (TfOH) in dichloromethane (DCM). This marked the
successfully synthesis of the racemic [1]orthocyclo[1](4,5)dibenzo[g,p]chyresenophane
(ODCP), which was subsequently resolved through chiral HPLC.
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Scheme 9: Sucessful synthesis of [1]orthocyclo[1](4,5)dibenzo[g,p]chyresenophane
(ODCP) through the proposed diaryl ketone strategy.
2.4.1 Properties of [1]Orthocyclo[1](4,5)dibenzo[g,p]chyresenophane (ODCP)

The resulting 1H nuclear magnetic resonance (NMR) spectrum in CD2Cl2 exhibits
peaks at δ = 3.53, 4.48, 7.26, 7.54, 7.65, 8.53, 8.58, 8.68 ppm. The peaks at δ=3.53 and
4.48 ppm, which represent the diastereotopic methylene protons, are the most notable; If
the stereochemistry of the molecule was inverting under ambient conditions these proton
resonances would be equivalent. By the same token, these resonances could potentially be
used to elucidate the barrier to inversion of the molecule. In systems where this inversion
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is possible, such as K1, these resonances are expected to coalesce at elevated temperatures.
For our system, however, we were unable to observe any shift of these resonances within
the working temperature range of the instrument (~110 C ). We can therefore conclude
that the introduction of the rigid tether has increased the racemization barrier significantly
when compared to the parent DBC.
Due to our inability to measure the racemization barrier experimentally we turned
to theory. Optimization of the structure of ODCP using density function theory (DFT) at
the B3LYP/6-311G++(2d,2p) level produced a pair of highly twisted (M,M) and (P,P)
enantiomers exhibiting C2 symmetry as the global energy minima. These enantiomers are
illustrated in Figure 14a and the helical chirality exhibited by the [4]helicene subunits have
been identified. Racemization of the enantiomers occurs through a transition state
exhibiting CS symmetry (Figure 14b) with a ΔG‡(298.15 K) of 37.2 kcal/mol. This barrier
is remarkably high for the inversion of a [4]helicene unit and is sufficiently high to render
the structure configurationally stable under ambient conditions. To put this barrier into
context, its energy exceeds that of both [5]helicene and [6]helicene (which exhibit
racemization ΔG‡ values of 24.1 kcal/mol and 35.6 kcal/mol respectively) and approaches
that of [7]helicene (41.7 kcal/mol). This large barrier undoubtedly results from the presence
of the appended phenylene subunit of the molecule. Interestingly, in order for the
[4]helicene units of the DBC core to invert, the phenylene ring must undergo a 180°
rotation. Our calculations reveal that this rotation requires a significant amount of
intramolecular motion. As illustrated in the transition state of the racemization process
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(Figure 14b), the dibenzo[g,p]chrysene core contorts into a saddle-like shape and as this
occurs the phenylene appendage processes over the top surface of the saddle.

C2-ODCP

Figure 14: (a) DFT minimized structure of ODCP (hydrogen atoms have been removed
for clarity); (b) calculated pathway for racemization of ODCP with relative Gibbs free
energy at 298.15K as calculated at the B3LYP/6-311G++(2d,2p) level of theory. (c) Solidstate structure of ODCP as determined by single crystal X-ray diffraction; (d) molecular
packing of ODCP in the crystal as viewed down the b axis of the unit cell. The two
enantiomers of ODCP in the crystal have been illustrated as blue and orange structures.
Hydrogen atoms have been removed for clarity and ellipsoids of the carbon atoms are
displayed at the 50% probability level.
Single crystals of ODCP were grown from the slow diffusion of hexanes into a
CHCl3 solution and single crystal x-ray diffraction (SCXRD) studies confirmed the
structure. As illustrated in Figure 14c the solid-state structure is in good agreement with
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the DFT minimized structure and exhibits an approximate C2 symmetry. Figure 14d
illustrates the molecular packing in the solid state viewed down the b axis of the unit cell.
Blue and orange coloring has been used to differentiate the enantiomers in the packing
structure. The dominant intermolecular interactions in the crystal exist between pairs of
enantiomers, in which a single benzenoid ring from each isomer interact with one another
in a slip-stacked fashion exhibiting a close π-π stacking interaction of 3.35 Å.

Figure 15: (a) ECD spectra of enantiopure (M,M)-ODCP and (P,P)-ODCP in CH2Cl2 (10
µM, 1 mm path length) . (b) UV-Vis spectrum of ODCP (blue) and the parent DBC (red)
in CH2Cl2 (10 µM, 1 cm path length). Calculated electronic transitions and their intensities
are displayed on the x-axis. Calculations were done at the B3LYP/6-311G++(2d,2p) level
of theory.

Analysis of the solid-state structure reveals a remarkably strained molecule as
evidenced by a number of unique features. The dihedral angle between the terminal C–C
bonds of the central naphthalene unit is 44.2° (>22° / benzene) representing one of the most
twisted naphthalene subunits reported to date. The interplanar angle of the terminal rings
of the two helicene units is also significant, with the tethered [4]helicene exhibiting an
angle of 51° and the non-tethered [4]helicene exhibiting an angle of 42.3° – both of these
angles are significantly larger than the analogous angle for the parent dibenzo[g,p]chrysene
structure (39.3°). Similarly, the torsion angles associated with the inner C–C bonds of the
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[4]helicene units (31° for the tethered portion and 25.5° for the untethered) are significantly
greater than that of the parent (24°).
From the UV-Vis absorption spectrum (Figure 15) it is apparent that the
predominant electronic features exhibited by DBC are also present in ODCP, however, in
the more twisted analog these features are red-shifted by 8–20 nm. These spectral features
as well as their intensities are highly consistent with the excitation energies obtained
through calculations (illustrated as vertical lines in Figure 15b) and the orbital plots
associated with these calculations reveal the source of the spectral shift. As expected, the
HOMO energy levels of ODCP are destabilized compared to the analogous orbitals of DBC
due to the increased distortion from planarity and the resultant decrease in π-orbital
overlap. More interesting is the effect that the increased non-planarity has on the LUMO
energy levels – particularly on the LUMO + 1 (illustrated in Figure 16) as it plays a
significant role in each of the major transitions at 276, 314, and 371 nm. The redox activity
of ODCP was investigated by cyclic voltammetry to reveal a reversible oxidation of Eox =
0.782 V and a quasi-reversable reduction of Rred = -2.55V against a ferrocene standard.
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Figure 16: Stabilization of the ODCP LUMO through strain enhanced orbital overlap,
compared to DBC.
In conclusion, we have developed a straightforward synthesis of a highly strained
derivative of dibenzo[g,p]chrysene through a three-step process involving oxidation,
olefination, and oxidative cyclodehydrogenation. Through this process we vastly increase
the barrier to racemization of the molecule’s core rendering it configurationally stable
under ambient conditions, while simultaneously decreasing the HOMO-LUMO gap.
Additionally, analysis of the solid state structure reveals a tremendous amount of strain
inherent to the molecule. The successful synthesis of ODCP demonstrated the realization
of a strained PAH through the diaryl ketone method. To further investigate the ability of
this strategy to synthesize strained molecules, we targeted larger contorted PAHs.
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2.5 The [n]Circulenes

The [n]circulenes are a series of PAH compounds in which a central ring containing
n carbon atoms is fully saturated with ortho-fused benzene rings on all edges. Naturally,
changing the value of n has significant implications on the shape of the molecule. For
structures where n ≤ 5, the structures adopt a bowl-like shape and when n = 6, a planar
structure is observed. For structures 7 ≤ n ≤ 16, the increasing size of the outer ring relative
to the inner ring drives the structure into a saddle-like conformation and when n > 16, a
helical structure persists.

2.5.1 [4]Circulene

[4]circulene, the smallest of the circulenes, was first synthesized by King et al. as
1,8,9,16-tetrakis(trimethylsilyl)tetra-cata-tetrabenzoquadrannulene (TMS4-TBQ) utilizing
a cyclotrimerization as the key reaction step.129 This is the only synthetically realized
[4]circulene to date, however, noteworthy unsuccessful synthetic attempts date back to the
1980’s.130 King’s approach, shown in Scheme 10, begins with the alkynylation of 1,4
naphthoquinone using CeCl3 to suppress enolization, affording the tetrol (30) followed by
elimination and desilyation to afford the tetraalkyne (40). The cyclotrimerization used
bis(trimethylsilyl)acetylene and Jonas’ catalyst, CpCo(C2H4)2, to afford a CoCp complex
of TMS4-TBQ. Subsequent oxidation with Cp2Fe+ allowed for the successful isolation of

42

TMS4-TBQ on milligram scale. While this synthetic strategy is simple it suffers from low
yields.129

Scheme 10: King et al. synthesis of 1,8,9,16-tetrakis(trimethylsilyl)tetra-catatetrabenzoquadrannulene (TMS4-TBQ).
The authors note the selection of cyclotrimerization over other ring formation
methods was twofold; the energetic cost of bending the molecule is offset by the formation
of aromatic rings, and said aromatic rings likely protect otherwise reactive double bonds.
Bis(trimethylsilyl)acetylene was chosen for the cyclotrimerization because the
trimethylsilyl (TMS) substituents would increase solubility, provide a synthetic handle for
late-stage functionalization, and decrease symmetry to aid in characterization.
Crystal data confirms the theorized bowl shape configuration, in agreement with
calculations.131 Natural bond orbital (NBO) and NICS calculations show a single-bonded
cyclobutane core with no antiaromatic character surrounded by nonaromatic medial rings
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and fully aromatic distal rings. This categorizes TMS4-TBQ as a benzannulated radialene
rather than a cyclobutadiene.132 Unfortunately, the structural data shows no evident πstacking or other prominent intermolecular contacts, which can mainly be attributed to
TMS group interference. Despite this successful synthesis, a [4]circulene lacking distalbenzo substituents has yet to be synthetically achieved.

2.5.2 [5]Circulene

[5]circulene, or corannulene, is one of the most well-known circulenes and one of
only two bowl-shaped circulenes. The central five membered ring is surrounded by five
fused six membered rings, imbues a concave curvature to the molecule.133 [5]circulene is
considered a fragment of the well-known C60, representing 1/3 of the geodesic sphere. This
has made it a candidate for investigation into host guest interactions with C60 and graphene
defect studies.

Figure 17: [5]circulene (right) fragment of C60 (left).
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The first successful synthesis was reported by Barth and Lawton through a low
yielding 17 step synthesis outlined in their 1966 account.134 The synthetic strategy utilized
ring closing reactions to form the hub rings around the core five membered ring. Over the
past three decades, a variety of improved strategies have been developed to access
corannulene.135-137 The synthetic strategies designed by Scott and Siegel are similar,
following bilateral symmetric strategies utilizing an acenaphthoquinone starting material,
mainly differentiated by the final bond closure (Scheme 11). Scott’s 1991 paper utilized
the high reaction energies granted by gas phase flash vacuum pyrolysis (FVP),
demonstrated by Brown to isomerize acetylene into reactive vinylidenes, 138 to close the
rings. Initially the FVP substrate was synthesized through a double Knoevenagel
condensation followed by an inverse electron demand Diels-Alder reaction. Subsequent
steps afforded the 2,2-dibromovinyl-substituted 45, which was reduced to the diacetylene
(46) and subjected to FVP to yield corannulene.135 Interestingly, soon after it was realized
directly subjecting the 45 to these conditions formed corannulene more effectively. This
method was further improved to use the 1-chlorovinyl (43) as the FVP substrate affording
corannulene on the gram-scale at 20-25% in three steps.139 Conversely, Siegel’s most
recent method influenced by Sygula and Rabideau,136 utilized a final ring closure through
base catalyzed hydrolysis.137 This strategy boasts solution-based, kilogram scale,
corannulene synthesis without the use of FVP. It instead relies on the closure of the
tetravinyl bromide, 49, followed by a reduction to cleave the vestigial bromines to produce
corannulene. At these quantities, corannulene was able to be studied at length, igniting
interest in the bucky-fragment.
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Scheme 11: Approaches to [5]circulene by Scott el al. (top)and Siegel et al. (bottom).

After their successful 1966 synthesis, Barth and Lawton created the annulenewithin-an-annulene (AWA) model to explain the aromaticity of corannulene, which is in
reference to the aromatic 6-electron cyclopentadienyl anion hub suspended within the
aromatic 14-electron cyclopentadecaheptenyl cation rim (Figure 18).134 The AWA model
of aromaticity proposed for corannulene was, and still is, contested within the literature
but fascinating nonetheless.140-141 Immediately following their successful 1991 synthesis,
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Scott et al. reduced corannulene to both the dianon and tetraanion. The dianion is described
as an aromatic cyclopentadienide hub within an antiaromatic 16-electron rim, similarly the
tetraanion as an aromatic hub and an aromatic 18-electron rim.142 With the recent
development of the Huckel-London-Pople-McWeeny (HLPM) model, specifically suited
to predict rings currents in larger PAH, studies investigating the alternating external ring
currents of corannulene and its charged homologs find the AWA model fall short in all
cases, except for the tetraanion.143 The tetraanion carries substantial negative charge on
hub and rim of both rings as conrotary diatropic rings, indeed classifying the concentric
rings as an anion-within-an-anion, in agreement with AWA.142

Figure 18: Barth and Lawton’s the annulene-within-an-annulene (AWA) model to
explain the aromaticity of corannulene
There are significant parallels between corannulene and C60; most notably, their
complementary curvatures and electron accepting ability. As discussed above, corannulene
exhibits a doubly degenerate low lying LUMO which can accept four electrons while C 60
has triply degenerate low lying LUMO which can accept six electrons.142 The unique bowlshape of corannulene made it a candidate for molecular recognition events; specifically,
the ability to recognize the convex surfaces of fullerenes. These complementary
interactions were initially examined through gas phase ion/molecule reactions, followed
by the true stereochemical arrangement observed through the “buckycatcher” by Sygula et.
47

al. This clip like molecule was synthesized utilizing an elimination of bromine from
bromocorannulene, resulting in corannulyne. This underwent a Diels-Alder reaction with
furan followed by an inverse electron demand Diels-Alder with 2,6-bis-2-pyridyl-1,2,4,5tetrazine to afford isocorannulenofuran (50).144

Scheme 12: “Buckycatcher” synthesis and host-guest interaction with C60 by Sygula et al.
After a 2:1 Diels-Alder reaction with dibenzocyclooctadiyne (51) acting as
dienophile, the resulting endoxide was deoxygenated with low valent titanium producing
the buckycatcher molecular tweezers (52), which proved an ideal candidate for
demonstrating the fullerene/corannulene host guest interactions illustrated in Scheme 12.
The reported binding constant of Ka = 8600 ± 500 M-1, which has heavy implications
related to overcoming the aforementioned insolubility and inaccessibility of C60. The
described methodologies presented above have been expanded to develop a multitude of
corannulene derivatives, most notably the first instance of synthetic Buckminster
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fullerene.145

Corannulene’s impact on not only synthetic chemistry, but also the

understanding of PAHs and aromaticity as a whole, cannot be understated.

2.5.3 [6]Circulene

[6]circulene, known as coronene, is unique in that it is the only completely planar
circulene.

First synthetically produced by Scholl and Meyer in 1932 through

decomposition of anti-diperi-dibenzocoronene followed by sublimation to afford coronene
in 10% yield, in a simple yet low yielding synthesis (Scheme 13).146 Coronene was initially
proposed to consist of two concentric con-rotating diatropic ring systems, a 6-electron hub
within a 18-electron rim, fitting the AWA model; however the aforementioned HLPM
model has since disproven this notion, revealing the paratropic nature of the rim resulting
in a counter rotation with the diatropic hub.147

Scheme 13: First synthesis of [6]circulene by Scholl and Meyer

Much like its smaller analog, corannulene, a high yielding methodology for
coronene would not be reported until the end of the 20th century.148 The crystal structure
was initially resolved in 1944,149 revealing herringbone packing motif with
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characteristically poor electron mobilities. Interestingly, an improved crystallization
technique utilizing magnetic fields produced the more favorable β polymorph.150
Functionalization has also been shown to favorably alter the packing arrangement in more
recent coronene derivatives.151-153

Scheme 14: Mullen and Rohr’s 1998 synthesis coronene-3,4:9,10-bis(dicarboximide)s.

Mullen and Rohr’s 1998 synthesis coronene-3,4:9,10-bis(dicarboximide)s, the first
coronenediimide (CDI), represented a major functionalization milestone as few examples
of functionalized coronene existed at this point.154 Integrating diimides into PAHs had
previously been shown to increase liquid crystalline (LC) properties in the analogous case
of perylene diimide.155 CDIs were a logical synthetic target to investigate the effect of the
larger π-extended system of coronene on LC properties. This was achieved through double
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bromination of commercially available perylene-3,4;9,10-tetracarboxylic dianhydride
followed by conversion to the imide (Scheme 14). A handful of functionalized alkynes
were installed though a Sonogashira coupling affording the corresponding dialkyne, which
was treated with 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) to promote the cyclization of
the coronene core yielding the functionalized coronene bis(dicarboximide) with mobilities
as high as 6.7 cm2V-1s-1.156 Interestingly, removal of the imiide groups though KOH
treatment and decarboxylation yielded the corresponding functionalized coronene, though
no yield was reported.
Benzannulation to the periphery of coronene has been extensively studied primarily
through two hexabenzocoronene derivatives. These are shown in Figure 19 as both periand cata-condensed hexabenzocoronene. The slight variations in benzannulation position
was shown to have a considerable effect on physical and optical differences.

Figure 19: The π-extended coronenes A) hexa-peri-hexabenzocoronene and B) hexa-catahexabenzocoronene, with parent coronene structure highlighted in bold. Side views are
also included to display varying degrees of contortion.
Hexa-peri-hexabenzocoronene (p-HBC) was first synthesized in 1958 by Clar and
Ironside157-158 though the bromination of 8-dibenzoperinapthene (59) followed by heating
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at 153 °C to afford tetrabenzoperopyrene (60), which was then melted at 482 °C under
vacuum to yield p-HBC Scheme 15. Synthetic methods have improved over time,159-160
culminating in a high yielding oligophenylene based approach.161 p-HBC functionalized
with alkyl side chains self-assemble into columnar nanotube-like LC superstructures.162
This results in an intercolumnar charge carrier mobility through the core of aligned p-HBC
molecules.
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Similarly, discotic LC of p-HBC and perylene dye was used to produce

vertically segregated thin films with large interfacial surface area.164
Hexa-cata-hexabenzocoronene (c-HBC) was also first synthesized by Clar, albeit
seven years later, in 1965.165 The report mentions c-HBC, compared to the peri homolog,
has better solubility and a lower melting point, both preferred properties for device based
applications. The key structural difference is fjord region steric congestion, resulting in cHBC adopting a contorted conformation. As mentioned, contorted aromatics tend to selfassemble into wire-like structures.

Scheme 15: First hexa-peri-hexabenzocoronene synthesis by Clar and Ironside.
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Synthetic improvements on c-HBC were pioneered by Nuckolls et al. utilizing
Barton Kellogg olefination initially followed by photocyclization, which was later
substituted for a Scholl reaction (Scheme 16). Photocyclization has been shown as an
effective ring closure method in the past,166 however it lacked the ability to close stained
ring systems and was intolerant of many functional groups.

Scheme 16: Nuckolls et al. synthesis of functionalized c-HBC via Barton-Kellogg
olefination and subsequent annulation by two methods: 16.2) photocyclization then Scholl
reaction or 16.1) Scholl reaction.
53

This was replaced (method 16.1) and/or supplemented (method 16.2) with a Scholl
reaction to access a multitude of functionalized c-HBCs.69 Columnar discotic LC behavior
was observed for the previously synthesized alkoxy derivative 65c, which boasts a
mobility of 0.02 cm2V-1s-1, the highest reported of any columnar discotic HBC-based
material.166-170 The Nuckolls group went on to develop bowl-shaped c-HBCs, the first of
which was grown from dehydrogenating c-HBC bound to a ruthenium substrate followed
by extensive heating. This was intended as a CNT end cap with the possibility of seeding
defined CNT growth.133 The second method was solution based and utilized a modified
version of their original procedure to afford halogenated c-HBC cores. These were
subjected to palladium catalyzed arylations to generating 66a and 66b with two and four
five membered ring closures, respectively (Figure 20).66 While both exhibited affinity for
C70, 66a demonstrated an exceptionally high association constant of 3.2 × 106 M-1.

Figure 20: Nuckolls et al. bowl-shaped c-HBCs.
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The significance of the use of cata-benzannulation to produce contortion in an
otherwise planar PAHs was a significant finding for the field. These synthetic strategies
highlight

the

first

instances

of

Barton-Kellogg

reactions

and

oxidative

cyclodehydrogenations being utilized to afford strained PAHs. The ability to synthesize
larger contorted π-extended PAH through these methods progressed the field significantly.

2.5.4 [7]Circulene

Plediadannulene, or [7]circulene, is both the smallest saddle shaped circulene while
also the largest stable nonbenzannulated circulene. Groundwork laid by unsuccessful
attempts by Reiss and Jessup at [7]ciculene were instrumental in the ultimate success
Yamamoto et al.171-172 In Reiss and Jessup’s attempts, the final photocyclization failed due
to the rigidity of bridging intermediate. Yamamoto split this step into two components
through an initial ring closure to form a more flexible biphenylnapthalene cyclophane with
bromines as synthetic handles for the final ring closure.173-174
This

procedure

began

with

the

coupling

of

2,2’-dibromo-5,5’-

bis(thiomethyl)biphenyl (67) and 2,7-bis(bromomethyl)naphthalene (68) to give the
dithiacyclophane, 69. Exposure to dimethyoxycarbonium tetrafluoroborate afforded the
disulfonium salt, 70, which was transformed into the bisulfide (71) though a Steven’s
rearrangement. 71 was subsequently oxidized with meta-chloroperoxybenzoic acid
(mCPBA) resulting in the bissulfoxide, 72. Pyrolysis at 300 °C afforded the unsaturated
dibromocyclophane (73), which was photocyclized to afford 74, completing the first phase
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of ring closures. 74 was lithiated and formylated to give the dialdehyde, affording
[7]circulene after an intramolecular McMurry reaction (Scheme 17). This method was
further improved upon by Yamamoto et al. as outlined in their 1996 account utilizing FVP
to induce strain. This method was reminiscent of Scott’s 1992 corannulene synthesis with
familiar scaling issues.175

Scheme 17: Yamamoto et al. synthesis of [7]circulene
Functionalized [7]circulene remained inaccessible until recent work by Miao
resulted in benzannulated derivatives of [7]circulene.
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Unlike Yamamoto’s late stage

introduction of the central ring, Miao’s strategy relied on the early stage formation of the
seven membered rings. The first set, published in 2015, were sheet-like nanographene
saddles with two fused [7]circulene rings.67 However, these molecules tended to form
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amorphous thin films that possessed poor semiconducting behavior. While the lack of longrange order prohibited effective charge transport within these systems, early stage central
ring formation strategies had proved effective in synthesizing strained PAHs.

Scheme 18: Miao’s “early stage” methodolgy applied to the synthesis of
tetrabenzo[7]circulene (TB[7]C)
Two years later, tetrabenzo[7]circulene (TB[7]C) was synthesized through an
intramolecular Friedel-Crafts acylation of 2-(1-naphthoyl)benzoic acid (76) affording the
diketone, 77. The dibromoolefin 78 was produced utilizing a Ramirez reaction, which was
subsequently coupled through a Suzuki reaction. The resulting aryl bromide, 79, was
cyclized through a Pd catalyzed arylation and the Ramirez/Suzuki/arylation process was
repeated to afford TB[7]C. Structural data shows a rough π-π interaction between the outer
benzenoid rings, however the overlap is not ideal due to the molecules curvature. Vacuum
deposition resulted in an amorphous film that behaved as a p-type semiconductor albeit
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with low mobility. Based on the C60 recognition demonstrated by other curved PAHs,
TB[7]C was cocrystallized with C60. The resulting crystal was contained a 1:1 ratio of
TB[7]C to C60, however the structure itself was too disordered to accurately deduce
orientation. Two thiophene-annulated derivatives of TB[7]C were also reported and
synthesized through a slightly modified procedure using 3-bromothiophene-2-boronic acid
pinacol ester as the Suzuki coupling partner instead.
The successful synthesis of these saddle shaped circulenes represents a major
milestone for the field of circulene chemistry. These strategies represent the culmination
of many techniques utilized in previously synthesized circulenes. Maio’s synthesis allows
for extended π systems and different types of annulated derivatives to be synthesized.
While [7]circulene and its analogs have yet to be proven as effective semiconductors, the
topology and synthesis of these saddle shaped molecules is undoubtably intriguing.

2.5.5 [8]Circulene

[8]circulene is the largest and most recently discovered circulene to date. Unlike
other circulenes, unsubstituted [8]circulene has been predicted to be unstable. HOMA
analysis shows significant aromatic character in both the central ring and peripheral
benzenoids, generating an unstable concentric current.176 Prior attempts at [8]circulene
through

oxidative

photocyclization

of

[2.2](3,6)phenanthrenophanediene

were

unsuccessful. As discussed in the case of [7]circulene, it is unlikely this strategy would
allow the formation of a strained molecule. The first highly functionalized [8]circulene was
synthesized by Wu et al. focusing on early stage core formation.177 This was accomplished
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through the palladium catalyzed annulation of a mixture of tetraiodotetraphenylenes
regioisomers (92) in the presence of diphenylacetylene (Scheme 19). The resulting
functionalized [8]circulene isomers (93) were predictably unstable. However, the report of
this successful synthesis of another circulene attracted immediate attention, with more
[8]circulenes methodologies reported shortly after.

Scheme 19: Wu et al. synthesis functionalized [8]circulene through early stage core
formation.
Within months, tetrabenzo[8]circulene (TB8C) was reported through two unique
concurrent, strategies. The first by Suzuki et al. was accomplished through a Suzuki
coupling of the pinacol borate 94 with 1,2-dibromobenzene (or 1,2-dibromo-4,5dimethylbenzene) resulting in the desired cyclooctaphenylene (96).178 A Scholl reaction
was then utilized to close the inner eight membered core affording TB8C or octamethyltetrabenzo[8]circulene (OM-TB8C) (Scheme 20). This approach is referred to as an
“inward approach” as the outer rings are connected prior to the formation of the core. The
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diminished yield was attributed to formation of oligomers during both steps however, this
was circumvented in the Scholl step in the by introducing methyl groups.

Scheme 20: “Inward approach” to tetrabenzo[8]circulene (TB8C) and octamethyltetrabenzo[8]circulene (OM-TB8C) by Suzuki et al.
In contrast, the second strategy by Whalley et al. used an “outward approach”,
forming the core first (Scheme 21).179 This was achieved through a double Diels-Alder
reaction between dibenzocyclooctadiyne 51 and 2,5-diarylthiophene-1-oxide (100)
affording the aryl halide, 101. Subjection of 101 to a microwave-assisted Pd catalyzed
arylation with [Pd(PCy3Cl2)2] and DBU resulted in TB[8]C.
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Scheme 21: Synthesis of tetrabenzo[8]circulene (TB[8]C) through the Diels-Alder based
“outward approach” by Whalley et al.
Structurally, SCXRD data shows TB[8]C differs from the predicted saddle shape
by twisting into two pinwheel conformers, shown in Figure 21. The authors noted the 1H
NMR spectrum only shows three signals instead of the expected six, suggesting rapid
interconversion in solution. TB[8]C was shown to be stable at ambient conditions for
months, a drastic improvement compared to its unsubstituted parent. Benzannulation of the
reactive double bond on [8]circulene yields a stable molecule with exclusively benzenoid
rings, in agreement with Clar’s rule. The Whalley group went on to improve upon their
reported methodology, examining a variety of Scholl conditions while simultaneously
generating a multitude of TB[8]C derivatives with electron-donating and withdrawing
groups.180

61

Figure 21: A) and B) represent the top and side views of the DFT-minimized
(B3LYP/631G**) saddle conformer of TB[8]C, which differs from the C) and D) views of
the pinwheel conformer obtained from SCXRD data.
TB8C, the largest synthesized circulene to date, only exists in the benzannulated
form due the stability imparted by it’s fully Clar structure. The additional peripheral
benzene rings had the unintended side effect of creating a pinwheel conformation,
ultimately decreasing π-π interactions. The stability of the molecule ultimately came at the
expense of its electronic properties. Electronic properties of PAHs can be improved with
the

addition

of

isolated

double

bonds.

Comparison

of

the

benzannulated

hexabenzocoronenes reveals the superior mobilities exhibited by c-HBC, despite the
instability imparted by these non-Clar aromatic rings. As a next step, we decided to target
[9]circulene derivatives by incorporating additional non-Clar aromatic rings. The Clar
structures of c-HBC, TB[8]C, and hexabenzo[9]circulene are shown in Figure 22 for
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comparison. The destabilization imbued to the system by these rings would likely result
in enhanced optoelectronic properties.

2.6 Attempted Synthesis of Hexabenzo[9]circulene

Figure 22: Comparision of isloated double bonds (shown in blue) of three cata-condensed
ciriculene derivatives from left to right: hexabenzo[9]circulene [3 bonds],
tetrabenzo[8]circulene [0 bonds], and hexa-cata-hexabenzocoronene [6 bonds].
In the past, the Whalley group utilized a Diels-Alder methodology which led to the
successful synthesis of [8]circulene. However, this works exclusively for even numbered
circulenes and was not effective synthesizing larger analogues. As we looked to expand
our synthetic reach to include larger members of the circulene family the most pressing
issue lies in the ability to synthesize precursor molecules that contain a large central ring
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and functionality that can provide a route to subsequent annulation. The [13]OCP based
diaryl ketone method utilized to synthesize ODCP solved these challenges, providing both
the appropriate synthetic handles and proper sized central rings.

Scheme 22: Retrosynthetic pathway to afford hexabenzo[9]circulene through oxidation
of ODCP.
The initial strategy utilized the already synthesized ODCP as a precursor, shown in
the retrosynthetic Scheme 22. Despite the effectiveness of sodium dichromate as an
oxidizing agent for [13]orthocyclophane, these conditions failed to yield trace amounts of
the mono or di ketone (102). A considerable number of oxidations were attempted,
including oxidizers such as sodium dichromium, potassium permanganate, and tert-butyl
hydroperoxide; All of which were unable to produce the desired product, resulting in the
return of starting materials or unidentifiable decomposition products assumed to be
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cleavage of the central alkene. This strategy was no longer considered viable and was
subsequently abandoned.

Scheme 23: Unsucessful attempts to synthesize the diketone through the oxidation of
ODCP
The introduction of non-Clar rings proved to induce enough instability to
preferentially oxidize at the alkene, rather than the methylene carbons. This situation is
reminiscent of the photooxidation trends seen in linear acenes, in which the absence of a
localized sextet creates reactive sites. Our synthetic strategy shifted to investigate methods
to hider the alkene without preventing the formation of the ketone. DFT calculations
indicated the pendant phenyl groups present on O1 would likely protect the olefin from
degradation as illustrated in Figure 23.
Prior to this realization another attempt focused on the utilizing the di- or triketone
of OCP. Ultimately, the reported diketone of [13]orthocyclophane (103) was chosen as
reported attempts to produce the triketone have resulted in the rearrangement to a spirocompound.181 The 103 was achieved by subjecting K1 to the same dichromate oxidation
conditions for an extended period of 7 days. While low yielding, eventually enough
diketone was produced to attempt a Barton-Kellogg reaction. Unfortunately, the
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transformation to the thiocarbonyl only proceeded at one ketone. Resubjecting K2 to
normal thiolation conditions, once the first olefin was formed, would still not yield the
thiocarbonyl.

Figure 23: Van der Waals models of ODCP (top) and O1 (bottom) as viewed
perpendicular to the axis of the alkene, shown in blue.

Investigation of the thioketone literature provided insight into the transformation of
similarly unreactive ketones, allowing the development of new thiolation conditions
utilizing high temperature microwave reactions. While decomposition was apparent due to
the unstable nature of the thioketone, eventually conditions were optimized to afford good
yields. The new conditions could not provide the dithioketone directly from the diketone
but showed promising results in taking K2 to the corresponding olefin.
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Scheme 24: Failed diketone attempt at O2 to synthesize HB[9]C.

A new strategy was devised wherein three diphenylethylene substituents would be
installed sequentially on the central ring and subsequently cyclized in one step, closing six
bonds simultaneously (Scheme 25). Unlike with ODCP, O1 did not resist oxidation and
afforded K2 in good yields after stirring in acetone and potassium permanganate for 20
hours. Subjecting K2 to the improved microwave thiolation conditions afforded the desired
thioketone. This was followed by standard Barton-Kellogg conditions to yield the second
olefin, O2. The last oxidation proved the most difficult, with most conditions preferentially
oxidizing the alkenes to their corresponding ketones. Eventually it was discovered that the
solventless stirring of O2 with excess manganese oxide at high temperatures, provided the
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desired third ketone, K3. This was then transformed into the corresponding olefin (O3)
through identical conditions as described above.

Scheme 25: Attempted synthesis of HB[9]C from O1.
Cyclization was attempted using three different methods. The first cyclization was
through the Scholl conditions utilizing DDQ and TfOH in DCM, which had proven useful
in the synthesis of ODCP. This method was attempted multiple times at different
temperatures and lengths of time, consistently affording 9-fluorenone (104) and
uncharacterizable decomposition products. Photocyclization and iron chloride Scholl
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conditions provided a mix of partially closed products, which could not be further cyclized
by resubjection to these conditions. These partially cyclized isomers were exposed to
DDQ/TfOH Scholl conditions, resulting in an identical mixture of 104 and decomposition.
The production of 9-fluorenone indicates the closure of five membered rings, a
known side reaction of Scholl reactions.182 Once this ring closes, there is little probability
the fluorene moiety will undergo further cyclization and fuse into the cyclophane system.
The following step is likely an oxidative cleavage of the alkene, facilitated by the oxidant
(DDQ) already present for the Scholl reaction, affording 9-fluorenone. The feasibility of
six consecutive cyclizations was then assessed through the cyclization of the simpler O2
system. If this could be achieved without decomposition, it would be possible to find
conditions which may facilitate the formation of HB[9]C. Additionally, the successful
synthesis of 106 would produce another distorted PAH which could be studied further.
Photocyclizations proved useful in affording the partially closed 105 isomer, however,
attempts to close the remining bonds were unsuccessful. As with O3, TfOH/DDQ Scholl
conditions produced 9-fluorenone for both O2 and 105.
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Figure 24: Crystal structure of O3 viewed perpendicular to the C2 rotational axis in both
structures. The left structure highlights the rings by color: central ring is yellow and Phenyl
rings are purple.
Partial cyclization of these ring systems indicates each successful annulation
increases the difficulty of the next until it is energetical preferential to close a five
membered ring instead. This is supported by the 1H NMR spectrum of 105, which exhibits
fjord region aromatic splitting patterns similar to those of ODCP. The crystal structure of
O3 (
Figure 24) reveals a preferential alignment for cyclization between the cyclophane
and the phenyl rings located on the alkene bisected by the C2 axis. While solution and solidstate conformers are naturally not identical, the existence of a favored cyclization pathway
supports the notion of an increasingly difficult sequence of ring closures.
The reactions available to generate strained systems are limited by regiochemistry
and stability. Scholl reactions have demonstrated the ability to simultaneously close six or
more bonds on a single molecule in the cases of less distorted PAHs like c-HBC (Scheme
16) and larger nanographenes.183 This implies formation of HB[9]C was not prevented
solely by the cyclization conditions but rather the sterically hindered transition states
resulting from the increasing rigidity of the central cyclophane ring. In the case of the
70

successful synthesis of the highly twisted ODCP, Barton-Kellogg conditions allowed the
installation of phenyl groups which had adequate mobility to cyclize under the proper
conditions. Further addition of diphenylethylene groups decreased the flexibility of the
central ring system, ultimately prohibiting rotation of the pendant phenyl groups necessary
for cyclization of 106 or HB[9]C. From these results, it is evident this circulene system
cannot be produced through the application of this diaryl ketone-based strategy.

Scheme 26: Assessment of the feasibility of four consecutive oxidative cyclizations on
the smaller olefin, O2, with implications towards the synthesis of HB[9]C.
2.6 Outlook and Future Work

The field of the Scholl reaction and other oxidative aryl couplings is vast and
constantly evolving.184 A multitude of diverse conditions have been reported throughout
the years and synthesizing [9]circulene may be as trivial as selecting the correct one.
However, it could be equally possible that no coupling of this sort is possible. The pursuit
of contorted molecules, such as those described in this section, is an often-fruitless
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endeavor; however, the investigation of these reactions through attempts to produce
strained molecules, furthers the understanding of aryl coupling limitations with each failure
and success.
While access to higher circulenes through this method may seem improbable, given
the failed attempt at HB[9]C, [12]circulene is predicted to be less strained than
[9]circulene.131 Expansion to the Lee OCP method is known, allowing access to the
tetrameric orthophyclophane, [14]OCP.185 The addition of electron donating groups have
been shown to aid Scholl reactions. The methoxylated cyclophanes analogues of [13]OCP
(cyclotriveratrylene),186 [14]OCP (cyclotetraveratrylene), [15]OCP (cyclopentaveratrylene)
and [16]OCP (cyclohexaveratrylene)187 are known, making access to methoxylated
circulenes system through the application of this aryl ketone-based strategy possible.
In conclusion, the work in this section demonstrated the effectiveness and
limitations of our aryl-based strategy. The success of which is shown in the synthesis of a
highly strained DBC through the Barton-Kellogg reaction. Attempts to extend this acene
system into the targeted HB[9]C circulene were ultimately unsuccessful.
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CHAPTER 3: SYNTHESIS AND CHARACTERIZATION OF NOVEL
[1]BENZOTHIENO[3,2-b][1]BENZOTHIOPHENE DERIVATIVES

3.1 Background

Despite

its

successful

synthesis

in

the

1950’s,188

[1]benzothieno[3,2-

b][1]benzothiophene (BTBT) was largely investigated for its liquid crystalline properties
and was not considered as an OFET until the early 2000s. As with many other organic
semiconductors, its practical application and proper study was heavily reliant on proper
deposition of the thin film. Despite many attempts, BTBT had remained elusive in this
regard, however derivatives of BTBT did not share the same hinderance. This was shown
by the pioneering work by Takimiya et al., which produced films of 2,7-diphenyl-BTBT
and 2,7-dialky-BTBT by way of vapor deposition and spin coating,189 respectively. The
reported mobilities of BTBT derivatives demonstrated the effect of functionality on BTBT
crystal structure and in turn the semiconducting properties.189-191 Since, BTBT derivatives
have become a synthetic focal point for the development of high performance devices.

3.2 Synthetic Limitations of BTBT

BTBT derivatives are commonly accessed through two types of late stage
functionalization: categorized as pre or post thienothiophene core cyclization, which will
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be referred to as pre-cyclization or post-cyclization herein. The earliest examples of
functionalization utilize direct acylation or lithiation of BTBT, falling into the category of
post-cyclization. Modifications of these routes ultimately characterize the OSC field of the
last two decades (Scheme 27).192-193 While convenient, the inherent reactivity of the BTBT
core limits high yielding substitution to the 2 and 7 positions which has resulted in an
almost exclusive study of 2,7 BTBT. While recent methodologies have improved both the
efficiency of BTBT core synthesis and functional group diversity, allowing for a vast
number of symmetric and asymmetric BTBT analogs, functionalization itself has stagnated
at the 2 and 7 positions.

Scheme 27: Two examples of post-cyclization methods of BTBT functionalization: BTBT
core is synthesized followed by lithiation or Friedel-Crafts acylation to afford a 2,7
functionalized BTBT.
Progress over the past decade led to the second type of late stage functionalization,
or pre-cyclization functionality, wherein functionality is introduced prior to formation of
the thioacene core via starting material. This generally involves the synthesis of an aryl
aldehyde, substituted appropriately to produce a stilbene with an o-thioether (with respect
to the olefin) and the additional desired functionality. The resulting stilbene is then
74

subjected to an iodine cyclization to afford the functionalized BTBT. Takimiya’s famous
McMurry based approach of the π-extended BTBT analog, dinaphtho[2,3-b:2′,3′f]thieno[3,2-b]thiophene (DNTT), demonstrated the utility of a pre-cyclization strategy
(Scheme 28).194-196 This was achieved through the ortho-directed lithiation with N-lithioN,N',N'-trimethylethylenediamine (LTMDA) and excess n-butyllithium (n-BuLi) followed
by subsequent exposure to dimethyl disulfide to afford the 3-methylthio-2-napthaldehyde
110. A McMurry coupling was then used to afford the olefin 111, which was refluxed with
excess iodine to afford Cn-DNTT.

Scheme 28: Takimiya et al. McMurry based approach of the dialkylated-dinaphtho[2,3b:2′,3′-f]thieno[3,2-b]thiophene (Cn-DNTT).
This methodology was subsequently applied to BTBT systems and proved useful
in substituting positions other than 2,7. This was best shown in a report by Geerts et al.
with the synthesis of 1,6‑, 2,7‑, 3,8‑, and 4,9-isomers of didodecyl[1]benzothieno[3,2b][1]benzothiophene (C12-BTBT).197 This strategy utilized an identical McMurry coupling
and iodine cyclization procedure shown in Scheme 29. This is one of the first examples of
the installation of functionality that would act as a synthetic handle post-cyclization. While
in theory this offered a practical approach to other BTBT analogs, the authors reported low
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yields for the bromine substituted BTBT isomers. To circumvent this, the didodecyl
substituents where added prior to cyclization through a Kumada coupling. This naturally
rendered the use of bromine as a synthetic handle for additional functionalization
impossible.

Scheme 29: The methodology of Geerts et. al. utilized to synthesize 1,6‑, 2,7‑, 3,8‑, and
4,9-isomers of C12-BTBT. The pre- (red) and post-cyclization pathways of alkylation are
shown.
Other reported BTBT syntheses utilize cyclization methods which can be
considered more effective.198-200 However, these methods utilize a minimum of two
palladium catalyzed coupling reactions and require more steps, making them more
complex and expensive than the strategy developed by Takimiya. The use of the iodine
cyclization to form the thiophene core is both scalable and economical, combined with the
use of the high yielding McMurry reaction this strategy has the potential to access many
BTBT isomers on an industrial scale.
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3.3 Accessing Novel Ditriflate BTBT Derivatives

In designing our experiment, we noted the use of alky groups had a favorable effect
on these iodine cyclizations, likely the result of electron donating properties, which is
similarly why deactivating substituents on 113 led to poor cyclization results. For these
reasons, a methoxy substituent was chosen as it is electron donating and easily transformed
into the ditriflate, providing a masked synthetic handle. Our retrosynthetic approach,
illustrated in Scheme 30, shows the demethylation and subsequent triflation to afford the
triflate groups which can participate in further coupling reactions. Two types of pinacol
borate coupling partners were chosen: The first was Pinacol phenylboronate was used as a
benchmark to compare this strategy to previously reported methods for the synthesis of 2,
7-diphenyl-BTBT (2,7-Ph-BTBT).201 The second set of coupling partners consisted of two
different hexylthiopheneboronic acid pinacol esters, which were synthesized according to
literature procedures.202-203 2-(5-Hexyl-2-thienyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(HT-Bpin)

and

2-(5′-hexyl-2,2′-bithien-5-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

(HBT-Bpin) were selected to study the effects of increased intermolecular S-S interactions
granted by the pendant thiophenes on the overall degree of π-π interactions. The hexyl alkyl
chains were included to allow for greater solubility and to create an insulating alky region
between π-π stacks in the solid state, as seen in the case of TIPS-pentacene. This method
would provide solution processable BTBT derivatives with improved electron mobility.
These coupling partners aimed to demonstrate the ability of ditriflate-BTBT as an ideal
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synthon to introduce nearly limitless functionality at virtually any position on the BTBT
core, thereby allowing the development of previously inaccessible BTBT analogs.

Scheme 30: Retrosynthetic pathway to afford ditriflate-BTBT derivatives and their
corresponding Suzuki coupling products.

3.3.1 Attempted Synthesis of 2,7-Ditriflate[1]benzothieno[3,2-b][1]benzothiophene

Our investigations, shown in Scheme 31, began with 2,7-dimethoxy[1]
benzothieno[3,2-b][1]benzothiophene (2,7-OMe-BTBT) as an initial target to serve as a
comparison to known methodologies. This was achieved through an initial preparation of
115 through a known procedure,204 followed by a McMurry coupling. The resulting olefin,
116, was subjected to iodine cyclization conditions affording 2,7-OMe-BTBT as minor
product. The major product was indeed a major of the BTBT family, however, the
thiophene

core

benzothiophene

had

inverted,

(3,8-OMe-iBTBT)

affording
instead

benzothieno[3,2-b][1]benzothiophene isomer.
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3,8-dimethoxy[1]benzothieno[2,3-b][1]
of

the

expected

2,7-dimethoxy[1]

Scheme 31: Synthesis of 3,8-functionalized [1]benzothieno[2,3-b][1]benzothiophene (3,8iBTBT) and 2,7-dimethoxy[1]benzothieno[3,2-b][1]benzothiophene (2,7-OMe-BTBT).
Conversion to the alcohol was achieved through demethylation with boron
tribromide (BBr3) in DCM, the resulting diol precipitated out of solution and was very
insoluble, making characterization difficult. This was then triflated with triflic anhydride
and pyridine to afford the triflate in qualitative yield over two steps. With 3,8-ditriflate
[1]benzothieno[2,3-b][1]benzothiophene (3,8-OTf-iBTBT) in hand we proceed with
Suzuki couplings; The first of which targeted the simple 3,8-Ph-iBTBT as a control to
ensure the success of the reaction. The second focused on to the more exotic 3,8-bis(5hexyl-2-thienyl)-iBTBT (3,8-HT-iBTBT) derivative. At this point, it was still believed that
the correct BTBT (2,7-OMe-BTBT) had been synthesized due to the spectroscopic
similarities between the inverted and proper thiophene core. Single crystals of 3,8-HT79

iBTBT were grown from the slow diffusion of hexanes into a CHCl3 solution and SCXRD
studies revealed the inverted structure (Figure 25). This unexpected result represents a
novel transformation with significant synthetic implications considering the cyclization
responsible for the formation of the thiophene core has been known for well over a
decade.194
Attempts to increase the ratio of correct 2,7-OMe-BTBT were ultimately fruitless.
Virtually all experimental variables were investigated, resulting in either incomplete
formation of the thiophene core or a similar ratio of BTBT isomers. Seeing as fair yielding
syntheses of 2,7-BTBT and the bishexylthienyl-derivatives are known, additional pursuits
towards overcoming this issue were abandoned.205-206 Alternatively, reaction conditions to
afford full conversion to 3,8-OMe-iBTBT were discovered and while 3,8-iBTBT and its
derivatives are known molecules, our new methodology offers considerably improved
yields.207

3.3.2 Synthesis of 3,8-[1]Benzothieno[3,2-b][1]benzothiophene

An identical synthetic strategy was used to access 3,8-[1]benzothieno[3,2b][1]benzothiophene (3,8-BTBT), however, in this case the cyclization formed the correct
thiophene core in good yields as shown in Scheme 32. The resulting triflate, 3,8-OTfBTBT, was subjected to standard Suzuki coupling conditions with two alkylated thiophene
boronic acid pinacol esters affording both 3,8-bis(5-hexyl-2-thienyl)[1]benzothieno[3,2-b]
[1]benzothiophene

(3,8-HT-BTBT)

and

3,8-bis(5'-hexyl-2,2'-bithien-5-yl)[1]

benzothieno[3,2-b][1]benzothiophene (3,8-HBT-BTBT) in good yields. Crystal structures
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of 3,8-HT-BTBT obtained and are shown in Figure 26. The successful synthesis of 3,8OTf-BTBT immensely expands upon the degree of functionalization possible at the 3,8
positions.

Scheme 32: Synthesis of 3,8-[1]benzothieno[3,2-b][1]benzothiophene derivatives
3.4 Crystal Structure and Electronic Properties

As discussed, the crystal structure of 38-HT-iBTBT revealed the inverted structure.
The hexyl chains did not introduce the intended effect of emergent isolated aliphatic
regions within the lattice. Instead, laminar packing was observed with slipped stack π-π
interactions. The major overlapping interaction was between the pendant thiophene and
BTBT core, with very little core-core interaction. During thin film deposition, a transient
phase without polarization contrast was observed before crystallization occurs, indicating
liquid crystalline behavior. This allowed for larger grain size at higher temperatures while
below the transition temperature. Thin films were deposited via hollow capillary pen
writing technique and the resulting mobilities were low (10-5 cm2V-1s-1).
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Figure 25: Crystal structure of 3,8-bis(5-hexyl-2-thienyl)-[1]benzothieno[2,3b][1]benzothiophene (3,8-HT-iBTBT).
SCXRD confirmed the structure single crystals of 3,8-HT-BTBT, revealing a
laminar packing motif, with fair π-π interactions. Compared to the inverted 3,8-iBTBT,
this motif contains considerably more core-core overlap and thus would likely have better
mobility. This was confirmed though the deposition of thin films with reported mobilities
as high as 0.02 cm2V-1s-1.

Figure 26: Crystal structure of 3,8-bis(5-hexyl-2-thienyl)-[1]benzothieno[2,3-b][1]
benzothiophene (3,8-HT-BTBT).
In both cases, grain size becomes larger when the substrate temperature gets higher,
a behavior similarly displayed in other dialky-BTBT systems.208 The preliminary results
are promising but will require optimization of processing parameters before true mobilities
are known.
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3.5 Mechanistic Investigations of BTBT Core Formation

Comparison of cyclizations leading to 3,8-BTBT or 3,8-iBTBT implies the
inversion is a direct result of the para positioning of the methoxy group and the subsequent
electron donation to the olefin. The absence of inversion in the case of 3,8-BTBT supports
this notion as the methoxy groups are meta to the olefin in this case. The mechanism of the
inversion was investigated, and a proposed pathway is shown in Scheme 33. The reaction
initiates through the attack of the olefin by iodine, forming the iodonium ion. This is
followed by a nucleophilic attack by the thioether, opening the three membered iodonium
cycle. The methyl group on the sulfonium ion is removed through the attack by an iodide
anion. Subsequent dehydrohalogenation is initiated by the attack of the iodide anion,
affording the partially cyclized BTBT. The thiophene is then attacked by iodine and
another iodonium ion is formed (119a). At this point the mechanism diverges into two
pathways dependent on the positioning of the methoxyl groups. In the case of 3,8-BTBT,
the latter half is identical to the first: thioether attacks to open iodonium, demethylation by
iodide, followed by dehydrohalogenation to afford 3,8-BTBT. The second proposed
pathway, represented in red, results in the inversion of the thiophene core, leading to 3,8iBTBT. Para electron donation from the methoxy group into the π-system drives the
opening of the three-membered halonium ion (119b). The electron donation from the
adjacent methoxy substituent then rearomatizes the methoxonium-p-quinomethane, 119c,
while simultaneously forming the spiro-annulated cyclopropane phenonium ion (119d).
Spontaneous aromatization of the benzene ring opens the three membered ring, completing
the 1,2-aryl migration and forming a tertiary carbocation. Nucleophilic attack of the cation
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by the thioether closes the sulfur cycle. The compound is then demethylated and
dehydrohalogenated to afford the inverted 2,7-BTBT.

Scheme 33: Proposed mechanism for BTBT inversion
This project aimed to a create novel, simple, and efficient synthetic strategy which
would allow access to a multitude of BTBT analogs. While 3,8-BTBT was successfully
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synthesized, the inversion of 2,7-BTBT indicated that this methodology would not be more
effective than current strategies in the literature. The inversion itself was both surprising
and interesting, upending over a decade old understanding of iodine cyclizations and
undoubtably merits further mechanistic investigation, however, it would likely not progress
our synthetic goals. The project was concluded at this point with the successful realization
of 3,8-BTBT derivatives and the unexpected synthesis of 3,8-iBTBT.

3.6 Future Work and Outlook

Coupling reactions with the two triflate substituted BTBT derivatives, described
herein, will allow access to a multitude of new BTBT based organic materials. Fine tuning
of the intermolecular π-π interactions can be achieved through the utilization of functional
groups with strong non-bonding interactions such as ureas. The effects of these functional
groups will need to be determined through subsequent investigations of their optical and
electronic properties. To fully investigate the validity of the proposed inversion
mechanism, substitution with varying electron donating groups should be carried out at the
2,7 positions to determine the driving force of this rearrangement. It is probable that the
inversion could be avoided with correct substituents. Substitution at different positions
should be investigated, namely the position ortho to the olefin as it may impart the same
electronic effects as the para substitution, though the steric contributions should also be
considered. The true difficulty of improving the synthesis of a well-known molecule, such
as BTBT, lies in notion that the discovery of a new synthetic pathway could still be
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considered a failure. In this case the 3,8-BTBT was synthesized in exceptionally high yield
and while the outcome of the 2,7-BTBT inversion was not synthetically ideal, it yields
intriguing mechanistic implications.
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CHAPTER 4: EXPERIMENTAL PROCEDURES
4.1 Materials and Methods
All commercially available starting materials were purchased from Sigma-Aldrich,
Fisher Scientific, Matrix Chemical, or Oakwood Chemical and used without further
purification unless stated otherwise. Anhydrous and anaerobic solvents were obtained from
purification columns (Pure Process Technology, Nashua, NH). All reactions were run
under a nitrogen atmosphere and those monitored by TLC were done so using silica gel 60
F254 precoated plates (Silicycle, Quebec City, Québec). Column chromatography was
performed on a CombiFlash Rf 200 system using RediSep normal phase silica columns
(ISCO, Inc., Lincoln, NE) unless stated otherwise. 1H NMR spectra were collected on
either a Bruker Ascend 500 MHz (Bruker, Billerica, MA) or Varian 500 MHz spectrometer
(Varian Medical Systems, Palo Alto, CA).

13

C NMR spectra were collected on a Bruker

Ascend 500 MHz spectrometer at 125 MHz. All spectra were calibrated to an internal
tetramethylsilane (TMS) standard. Electrochemical potentials were obtained on a PAR
model 273 potentiostat (Princeton Applied Research, Oak Ridge, TN) interfaced to a
computer using in-house software. High-resolution mass spectra (HRMS) were recorded
on a Waters Xevo G2-XS LCMS-QTOF spectrometer (Waters Corp., Milford, MA). Lowresolution mass spectra (LRMS) were recorded on a Bruker Daltonics UltrafleXtreme
MALDI-TOF-MS. UV Circular dichroism (CD) spectra were acquired on a Jasco J-815
spectropolarimeter. UV-Vis spectra were obtained on a Shimadzu UV-1800
spectrophotometer (Shimadzu, Kyoto, Japan).
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4.2 Experimental procedures for CONTORTED POLYCYCLIC AROMATIC
HYDROCARBONS
General Barton-Kellogg procedure for the synthesis of O2 and O3: Thioketone A) A
dry 25 mL microwave reaction vessel was charged with ketone (1 eq), Lawesson’s reagent
(3 eq), anhydrous toluene and heated at 140 °C for 4 hrs. After cooling to rt, the resulting
green solution was poured onto a short plug of silica which was washed with PhMe until
the color had completely eluted. Episulfide generation B) To this solution
diphenyldiazomethane (1.2 eq) was added and the reaction was stirred at rt for 16 h at
which point the solvent was removed under reduced pressure. Olefin generation C) The
crude reaction mixture was then redissolved in xylenes ( 100 mL), PPh3 (0.3631 g, 1.384
mmol, 1.2) were added, and the reaction was heated to 140 °C under an atmosphere of
nitrogen. After heating for 16 h the reaction was allowed to cool to rt and the solvent was
again removed under reduced pressure. Column chromatography afforded pure products
as colorless solids.

Preparation

of

starting

materials:

[13]OCP

(24)

and

10,15-dihydro-5H-

tribenzo[a,d,g]cyclononen-5-one (K1)were synthesized according to procedures published
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by Lee125 and Sato.124 Diphenyldiazomethane was synthesized according to a literature
procedures.128

15-dihydro-10-diphenylmethylene-5H-tribenzo[a,d,g]cyclononene (O1): A 250 mL
round-bottom flask equipped with a magnetic stir bar and reflux condenser was charged
with K1 (0.3280 g, 1.153 mmol) and Lawesson’s reagent (0.6995 g, 1.729 mmol, 1.5 eq)
in anhydrous PhMe (120 mL). The reaction was then placed under an atmosphere of
nitrogen and heated at 80 °C for 10 h. After cooling to rt, the resulting blue solution was
poured onto a short plug of silica which was washed with PhMe until the blue color had
completely eluted from the plug. To this solution diphenyldiazomethane (0.2688 g, 1.384
mmol, 1.2 eq) was added and the reaction was stirred at rt for 16 h at which point the
solvent was removed under reduced pressure. The crude reaction mixture was then
redissolved in xylenes ( 100 mL), PPh3 (0.3631 g, 1.384 mmol, 1.2) were added, and the
reaction was heated to 140 °C under an atmosphere of nitrogen. After heating for 16 h the
reaction was allowed to cool to rt and the solvent was again removed under reduced
pressure. Purification of the crude reaction mixture on silica gel eluting with hexanes /
CH2Cl2 (5:1) afforded the desired product O1 (0.401 g, 0.9227, 80 % yield) as a colorless
solid. 1H NMR (500 MHz, CDCl3) δ = 7.03 (m, 9H), 6.42 (d, J = 7.3 Hz, 2H), 3.95 (bs,
89

1H), 3.48 (bs, 1H) ppm;

13

C NMR (500 MHz, CDCl3) δ =142.4, 141.3, 139.95, 139.8,

138.2, 137.8, 131.6, 131.4, 130.5, 129.4, 127.1, 126.97, 126.4, 126.1, 125.9, 40.3 ppm;
HRMS ESI [M + 1] calcd. for C34H26: 434.2035; found: 434.2050.

[1]Orthocyclo[1](4,5)dibenzo[g,p]chyresenophane (ODCP): A flame-dried 100 mL
round-bottom flask equipped with a stir bar was charged with O1 (0.100 g, 0.230 mmol)
and DDQ (0.130 g, 0.575mmol, 2.5 eq) in anhydrous CH2Cl2 (40 mL). Under vigorous
stirring, TfOH (0.345 g, 2.301 mmol, 10 eq) was added dropwise to the reaction mixture.
After being stirred at rt for 16 h, the reaction mixture was quenched with a solution of
saturated K2CO3 (aq). The organic layer was separated and extracted with CHCl3. The
combined extracts were dried (MgSO4) and concentrated under reduced pressure. Column
chromatography eluting with hexanes / CH2Cl2 (4:1) afforded pure ODCP (0.049 g, 0.115
mmol, 50%) as a colorless solid. 1H NMR (500 MHz, CDCl3) δ = 8.68 (d, J = 8.0 Hz, 2H),
8.58 (d, J = 8.1 Hz, 2H), 8.53 (d, J = 8.0 Hz, 2H), 7.66 (dt, J = 26.7, 7.4 Hz, 4H), 7.54 (t,
J = 7.7 Hz, 2H), 7.26 (m, 6H), 4.48 (d, J = 14.6 Hz, 2H), 3.53 (d, J = 14.6 Hz, 2H) ppm;
C NMR (125 MHz, CD2Cl2) δ = 141.3, 137.4, 132.2, 131.9, 131.6, 131.4, 129.9, 129.6,
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129.6, 128.96, 127.3, 127.2, 127.0, 126.9, 125.8, 124.3, 122.2, 39.0 ppm; HRMS ESI
[M+1] calcd. for C34H24: 431.1800; found: 431.1793
90

15-dihydro-10-diphenylmethylene-5H-tribenzo[a,d,g]cyclononen-5-one

(K2):

A

flame-dried 250 mL round-bottom flask equipped with a stir bar was charged with O1
(0.2641 g, 0.6077 mmol) and KMnO4 (4.802 g 30.3850 mmol, 50 eq) in acetone (120
mL) and stirred for 20 hours at room temperature. The crude reaction mixture was then
concentrated under reduced pressure, suspended in CH2Cl2 and filtered through a celite
plug. The filtrate was dried and concentrated under reduced pressure. Column
chromatography eluting with hexanes / CH2Cl2 (4:1) afforded pure K2 (0.2020g, 0.4503
mmol, 74%) as a colorless solid. 1H NMR (500 MHz, CDCl3) δ = 7.86 (d, J = 7.7 Hz, 1H),
7.63 (d, J = 7.7 Hz, 1H), 7.45 (dt, J = 24.2, 7.3 Hz, 2H), 7.28 (m, 4H), 7.15 (m, J = 10.6,
7.8 Hz, 2H), 7.05 (m, 3H), 6.93 (m, 3H), 6.83 (t, J = 7.5 Hz, 2H), 6.67 (d, J = 7.3 Hz, 2H),
5.98 (d, J = 6.3 Hz, 2H), 3.95 (d, J = 14.6 Hz, 1H), 3.57 (d, J = 14.6 Hz, 1H) ppm;
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C

NMR (125 MHz, CDCl3) δ = 194.91, 142.85, 141.85, 141.26, 141.01, 140.62, 140.42,
138.81, 138.26, 136.28, 132.10, 132.05, 131.57, 131.51, 131.21, 130.73, 130.64, 130.28,
130.13, 129.72, 127.68, 127.59, 127.56, 127.20, 127.11, 127.08, 126.73, 126.45, 38.81
ppm; HRMS ESI [M + 1]: calcd. for C34H24O: 449.1905; found: 449.1905.
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15-dihydro-5,10-bis(diphenylmethylene)-5H-tribenzo[a,d,g]cyclononene

(O2):

Following the general Barton-Kellogg procedure: A) K2 ( 0.100g, 0.2229 mmol)
Lawesson’s reagent (0.271 g, 0.6688 mmol) in toluene (10 mL). B) diphenyldiazomethane
( 0.0520g, 0.2675 mmol) in toluene (40 mL). C) PPh3 (0.0702 g, 0.2675 mmol) in xylenes
(30 mL), purified by column chromatography (SiO2, CH2Cl2:hexanes, 1:4 v/v) to afford
O2 as a colorless solid (0.100g, 0.1335 mmol 75%). 1H NMR (500 MHz, CDCl3) δ = 7.23
(m, 4H), 7.04 (m, 8H), 6.94 (m, 2H), 6.82 (m, 14H), 6.15 (d, J = 7.3 Hz, 4H), 3.01 (s, 2H)
ppm; 13C NMR (125 MHz, CDCl3) δ = 142.36, 141.98, 139.36, 139.17, 138.61, 137.98,
132.67, 130.72, 130.40, 130.26, 129.90, 127.05, 126.91, 126.69, 126.22, 126.19, 126.08,
125.32, 41.69 ppm. HRMS ESI [M + 1] calcd. for C47H34: 599.2739; found: 599.2713.

5,10-bis(diphenylmethylene)-5H-tribenzo[a,d,g]cyclononene-15-one (K3): A flamedried 250 mL round-bottom flask equipped with a stir bar was charged with O2 (0.100 g,
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0.1670 mmol) and MnO2 (10.00 g, 0.115 mol, 10:1 mass ratio). The reaction was
vigorously stirred without solvent, open to atmosphere for at 125 °C for 12 hrs. After
cooling to rt, the solid was suspended in CH2Cl2 and filtered through a celite plug. The
filtrate was dried and concentrated under reduced pressure. Column chromatography
eluting with hexanes:CH2Cl2 (4:1) afforded pure K3 (0.043g, 0.1023mmol, 42%) as a
colorless solid. 1H NMR (500 MHz, CD2Cl2) δ = 7.55 (m, 2H), 7.38 (dd, J = 7.7, 0.8 Hz,
1H), 7.29 (td, J = 7.9, 1.3 Hz, 1H), 7.00 (m, 5H), 6.91 (m, 3H), 6.62 (dd, J = 8.0, 1.5 Hz,
2H), 6.19 (m, 2H) ppm. 13C NMR (125 MHz, CDCl3) δ = 193.49, 142.50, 141.40, 141.36,
141.13, 141.06, 138.20, 136.88, 131.93, 130.94, 130.92, 130.59, 130.20, 130.01, 127.29,
127.19, 127.02, 126.67, 126.64 ppm. HRMS ESI [M + 1] calcd. for C47H32O: 613.2531;
found: 613.2546.

5,10,15-tris(diphenylmethylene)-5H-tribenzo[a,d,g]cyclononene (O3): Following the
general Barton-Kellogg procedure: A) K3 (0.100g 0.1632 mmol) Lawesson’s reagent
(0.198 g, 0.4896 mmol) in toluene (10 mL), B) diphenyldiazomethane (0.038 g, 0.1958
mmol) in toluene (40 mL), C) PPh3 (0.051 g, 0.1958 mmol) in xylenes (30 mL), purified
by column chromatography (SiO2, CH2Cl2:hexanes, 1:4 v/v) to afford O3 as a colorless
solid (0.085 g, 0.1245 mmol, 68%). 1H NMR (500 MHz, CD2Cl2) δ = 7.29 (m, 6H), 7.20
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(dd, J = 7.7, 1.3 Hz, 2H), 7.16 (dd, J = 7.9, 1.5 Hz, 4H), 7.10 (td, J = 7.6, 1.3 Hz, 2H), 7.01
(ddd, J = 7.1, 6.1, 1.0 Hz, 4H), 6.93 (dtt, J = 9.9, 7.4, 1.2 Hz, 4H), 6.85 (m, 6H), 6.74 (m,
2H), 6.56 (m, 6H), 6.07 (s, 4H), 4.74 (d, J = 7.8 Hz, 2H) ppm. 13C NMR (125 MHz, CD2Cl2)
δ = 147.50, 146.81, 144.06, 143.80, 142.77, 141.01, 140.49, 139.92, 139.78, 139.36,
136.84, 133.88, 132.76, 131.88, 131.84, 131.63, 131.01, 128.19, 127.75, 127.42, 127.23,
127.14, 126.82, 126.72, 126.26, 126.24, 125.43 ppm. HRMS ESI [M + 1] calcd. for C60H42:
762.3287; found: 762.3301.

4.3 Experimental procedures for SYNTHESIS AND CHARACTERIZATION OF
NOVEL [1]BENZOTHIENO[3,2-b][1]BENZOTHIOPHENE DERIVATIVES

General McMurry procedure: To a flame dried three neck RBF equipped with a
condenser was added zinc (3 eq) and anhydrous tetrahydrofuran. The mixture was cooled
to 0 °C and TiCl4 (3 eq) was added dropwise then refluxed for 1 hr. The reaction was cooled
0 °C and a sln of benzaldehyde in THF was added dropwise. The solution was then refluxed
for 24 hrs and allowed to cool to room temperature. Saturated NaHCO3 solution and
CH2Cl2 were added to the reaction and stirred for 1 hr. This mixture was filtered through a
celite plug and the organic layer was extracted with CH2Cl2. The combined organic layers
were dried and purified by column chromatography (SiO2, CH2Cl2:hexanes, 1:4 v/v) to
afford the desired olefin as a colorless solid.
General iodine cyclization procedure: The McMurry olefin was dissolved in CHCl3, I2
was added and the reaction was refluxed for 48 hrs. Once cooled to room temperature, the
reaction was quenched with saturated Na2S2O3 solution. The organic layer was extracted
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with CHCl3, dried, and concentrated. Purification by column chromatography (SiO2,
CH2Cl2:hexanes, 1:4 v/v) afforded the BTBT product(s).
General demethylation procedure: OMe-BTBT (1 eq) and anhydrous CH2Cl2 were
added to a flame dried RBF equipped with a reflux condenser and cooled to -78 °C. A BBr3
(1.0 M/DCM, 2.5 eq) solution was added dropwise and the solution was allowed to warm
to room temperature followed by reflux for 10 hours. The mixture was then poured over
and organic layer was extracted with EtOAc. Removal of solvent and washing the crude
solid with cold DCM afforded product. Insolubility complicated further purification and
analysis, therefore the product was brought forward crude.
General triflation procedure: OH-BTBT (1 eq) was dissolved in anhydrous CH2Cl2 and
sonicated. Anhydrous pyridine (4 eq) was added and the reaction as cooled to 0 °C followed
by the dropwise addition of triflic anhydride (2.4 eq). The reaction was allowed to warm
to room temperature and stired for 10 hr. Quenched with 10% HCl solution and extracted
with DCM. Solvent was concentrated and purified by recrystallization from hexanes and
DCM to afford the desired triflate as a colorless solid.
General Suzuki reaction: OTf-BTBT (1 eq), K2CO3 (6 eq), the desired boronic ester (3
eq), H2O, and THF were added to flame dried RBF equipped with a reflux condenser and
degassed. Pd(PPh3)4 (5% mol) was added and the reaction was refluxed for 12 hours. After
it was cooled to room temperature, quenched with NH4Cl saturated solution, extracted with
EtOAc and CH2Cl2, it was recrystallized from CHCl3/MeOH several times to afford pure
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product. These products were fairly insoluble in most organic solvents, preventing some
modes of characterization.

Preparation

of

starting

(methylthio)benzaldehyde204

materials:
and

BTBT

starting

materials,

4-Methoxy-2-

5-methoxy-2-(methylthio)benzaldehyde,209

were

prepared according to literature procedures. Suzuki coupling partners, 2-(5-hexyl-2thienyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane203
4,4,5,5-tetramethyl-1,3,2-dioxaborolane202

were

and

2-(5′-hexyl-2,2′-bithien-5-yl)-

prepared

according

to

literature

procedures.
4.3.1 Synthesis of 3,8-Functionalized [1]Benzothieno[2,3-b][1]benzothiophenes (3,8iBTBT) and 2,7-Dimethoxy[1]benzothieno[3,2-b][1]benzothiophene (2,7-OMeBTBT)
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4,4’-Dimethoxy-2,2’-dimethylthio-trans-stilbene (116): Following the general McMurry
reaction procedure, TiCl4 (3.122g, 16.461 mmol, 1.8 mL) and Zn (1.076 g, 16.461 mmol)
reacted

in

THF

(95

mL)

followed

by

the

addition

of

4-methoxy-2-

(methylthio)benzaldehyde (1.000 g, 5.487 mmol) in THF (24 mL). Column
chromatography (SiO2, CH2Cl2:hexanes, 1:4 v/v) afforded the 116 as a colorless solid
(0.802 g, 2.414 mmol, 88%). 1H NMR (500 MHz, CDCl3) δ = 7.56 (d, J = 8.6 Hz, 2H),
7.29 (s, 2H), 6.82 (d, J = 2.6 Hz, 2H), 6.74 (dd, J = 8.6, 2.6 Hz, 2H), 3.83 (s, 6H), 2.46 (s,
6H) ppm.

C NMR (126 MHz, CDCl3) δ = 159.34, 138.26, 129.85, 127.14, 125.42,

13

112.81, 111.07, 55.40, 16.52 ppm. HRMS ESI [M +] calcd. for C18H20O2S2: 332.0905;
found: 332.0900.

2,7-dimethoxy[1]benzothieno[3,2-b][1]benzothiophene (2,7-OMe-BTBT) and 3,8dimethoxy[1]benzothieno[2,3-b][1]benzothiophene (3,8-OMe-iBTBT): Following the
general iodine cyclization procedure, Olefin 116 (0.200 g, 0.6015 mmol) and I2 (2.443 g,
9.6246 mmol) were refluxed in CHCl3 (60 mL) to afford two BTBT products (0.145 g,
0.4812 mmol, 80% overall yield) as colorless solids. Separation of isomers was achieved
through successive recrystallizations from CHCl3/Hexanes and column chromatography
runs. 3,8-OMe-iBTBT: (0.094 g, 0.3128 mmol, 65%). 1H NMR (500 MHz, CDCl3) δ 8.12
(d, J = 8.7 Hz, 2H), 7.38 (d, J = 2.3 Hz, 2H), 7.11 (dd, J = 8.7, 2.4 Hz, 2H), 3.91 (s, 6H)
ppm.

13

C NMR (126 MHz, CDCl3) δ 156.84, 145.02, 134.23, 127.39, 121.41, 113.79,

106.78, 55.70 ppm. HRMS ESI [M +] calcd. for C16H12O2S2: 300.0279; found: 300.0271.
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2,7-OMe-BTBT: (0.022 g, 0.0722 mmol, 15%). 1H NMR (500 MHz, CDCl3) δ = 7.71 (d,
J = 8.7 Hz, 2H), 7.39 (d, J = 2.3 Hz, 2H), 7.05 (dd, J = 8.7, 2.3 Hz, 2H), 3.91 (s, 6H) ppm.
C NMR (126 MHz, CDCl3) δ = 157.50, 143.46, 131.09, 127.37, 121.74, 114.22, 107.10,
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55.73 ppm. HRMS ESI [M +] calcd. for C16H12O2S2: 300.0279; found: 300.0279

3,8-Dihydroxyl[1]benzothieno[2,3-b][1]benzothiophene (3,8-OH-iBTBT): Following
the general demethylation reaction procedure, BBr3 (0.635 mmol, 0.635 mL) solution was
added to 3,8-OMe-iBTBT (0.0763 g, 0.254 mmol) in DCM (13 mL). Insolubility
complicated further purification and analysis, therefore 3,8-OH-iBTBT was brought
forward crude.

3,8-ditriflate[1]benzothieno[2,3-b][1]benzothiophene (3,8-OTf-iBTBT): Following the
general triflation reaction procedure, 3,8-OH-iBTBT (0.0694g, 0.2548 mmol) was
dissolved in DCM (20 mL) followed by addition of pyridine (0.0806 g, 1.019 mmol, 0.08
mL) and triflic anhydride (0.1725 g, 0.612 mmol, 0.10 mL). Recrystallization afforded the
3,8-OTf-iBTBT as a colorless solid (0.137 g, 0.2548 mmol, quant). 1H NMR (500 MHz,
CDCl3) δ = 8.27 (d, J = 8.8 Hz, 2H), 7.85 (d, J = 2.3 Hz, 2H), 7.47 (dd, J = 8.7, 2.3 Hz,
2H) ppm.

C NMR (126 MHz, CDCl3) δ = 146.08, 144.29, 143.23, 132.47, 121.73,

13
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120.09, 118.92, 117.53, 116.49 ppm. HRMS ESI [M + FA - H] calcd. for C16H6F6O6S4:
580.8928; found: 580.8925

3,8-Diphenyl[1]benzothieno[2,3-b][1]benzothiophene (3,8-Ph-iBTBT): Following the
general Suzuki reaction procedure, 3,8-TfO-iBTBT (0.039 g, 0.0734 mmol), K2CO3
(0.061 g, 0.4404 mmol), Ph-Bpin (0.045 g, 0.2202 mmol), H2O (0.2 mL), THF (4 mL), and
Pd(PPh3)4 (4.2 mg, 3.67 μmol) were refluxed for 12 hours. Column chromatography (SiO2,
CH2Cl2:hexanes, 1:4 v/v) afforded the 3,8-Ph-iBTBT as a colorless solid (0.0411 mmol,
0.016 g, 56%). 1H NMR (500 MHz, CDCl3) δ = 8.39 (d, J = 8.2 Hz, 2H), 8.12 (d, J = 1.3
Hz, 2H), 7.79 (dd, J = 8.3, 1.7 Hz, 2H), 7.71 (m, 4H), 7.50 (m, 4H), 7.39 (m, 2H). HRMS
ESI [M +] calcd. for C26H16S2: 392.0693; found: 392.0681.

3,8-bis(5-hexyl-2-thienyl)[1]benzothieno[2,3-b][1]benzothiophene

(3,8-HT-iBTBT):

Following the general Suzuki reaction procedure, 3,8-TfO-iBTBT (0.108 g, 0.202 mmol)
, K2CO3 (0.168 g, 1.212 mmol), 2-(5-hexyl-2-thienyl)-4,4,5,5-tetramethyl-1,3,2dioxaborolane (HT-Bpin) (0.178 g, 0.606 mmol), H2O (0.6 mL), THF (10 mL), and
Pd(PPh3)4 (0.012 g, 0.010 mmol) were refluxed for 12 hours. Recrystallization from
CHCl3/MeOH afforded the 3,8-HT-iBTBT as a colorless solid (0.093 g, 0.162 mmol,
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80%). 1H NMR (500 MHz, CDCl3) δ = 8.19 (d, J = 8.3 Hz, 2H), 8.01 (d, J = 1.5 Hz, 2H),
7.69 (dd, J = 8.3, 1.6 Hz, 2H), 7.19 (d, J = 3.5 Hz, 2H), 6.77 (d, J = 3.5 Hz, 2H), 2.84 (t, J
= 7.6 Hz, 4H), 1.72 (p, J = 7.6 Hz, 4H), 1.42 (m, 4H), 1.33 (m, 8H), 0.91 (m, 6H) ppm. 13C
NMR (126 MHz, CDCl3) δ = 146.03, 144.36, 141.20, 139.78, 134.81, 131.99, 131.00,
125.20, 122.91, 121.20, 119.76, 31.64, 31.62, 30.33, 28.82, 22.61, 14.11 ppm. HRMS ESI
[M +] calcd. for C34H36S4: 572.1695; found: 527.1696.

4.3.2 Synthesis of 3,8-Functionalized [1]Benzothieno[3,2-b][1]benzothiophene (3,8BTBT)

5,5’-Dimethoxy-2,2’-dimethylthio-trans-stilbene (118): Following the general McMurry
reaction procedure, TiCl4 (3.122g, 16.461 mmol, 1.8 mL) and Zn (1.076 g, 16.461 mmol)
reacted

in

THF

(95

mL)

followed

by

the

addition

of

5-methoxy-2-

(methylthio)benzaldehyde (1.000 g, 5.487 mmol) in THF (24 mL). Column
chromatography (SiO2, CH2Cl2:hexanes, 1:4 v/v) afforded the 118 as a colorless solid
(0.820 g, 2.469 mmol, 90%). 1H NMR (500 MHz, CDCl3) δ = 7.60 (s, 2H), 7.37 (d, J = 8.6
Hz, 2H), 7.24 (s, 2H), 6.84 (dd, J = 8.6, 2.8 Hz, 2H), 3.86 (s, 6H), 2.38 (s, 6H) ppm. 13C
NMR (126 MHz, CDCl3) δ = 158.89, 139.56, 132.42, 128.43, 128.02, 114.23, 111.66,
55.46, 18.87 ppm. HRMS ESI [M +] calcd. for C18H20O2S2: 332.0905; found: 332.0898.
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3,8-Dimethoxy[1]benzothieno[3,2-b][1]benzothiophene (3,8-OMe-BTBT): Following
the general iodine cyclization procedure, Olefin 118 (0.108 g, 0.3248 mmol) and I2 (1.319
g, 5.1973 mmol) were refluxed in CHCl3 (30 mL) to afford 3,8-OMe-BTBT as a colorless
solid (0.065g, 0.2173 mmol, 67%). 1H NMR (500 MHz, CDCl3) δ = 7.76 (d, J = 8.8 Hz,
1H), 7.29 (d, J = 2.4 Hz, 1H), 7.03 (dd, J = 8.8, 2.5 Hz, 1H), 3.93 (s, 3H). 13C NMR (126
MHz, CDCl3) δ = 157.96, 134.23, 134.10, 134.07, 124.65, 114.92, 104.19, 55.70.HRMS
ESI [M +1] calcd. for C16H12O2S2: 301.0357; found: 301.0351.

3,8-Dihydroxyl[1]benzothieno[3,2-b][1]benzothiophene (3,8-OH-BTBT): Following
the general demethylation reaction procedure, BBr3 (0.8322 mmol, 0.832 mL) solution was
added to 3,8-OMe-iBTBT (0.100 g, 0.3329 mmol) in DCM (16 mL). Insolubility
complicated further purification and analysis, therefore 3,8-OH-BTBT was brought
forward crude.
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3,8-Ditriflate[1]benzothieno[3,2-b][1]benzothiophene (3,8-OTf-BTBT): Following the
general triflation reaction procedure, 3,8-OH-BTBT (0.1827g, 0.6708 mmol) was
dissolved in DCM (44 mL) followed by addition of pyridine (0.212 g, 2.6834 mmol, 0.22
mL) and triflic anyhydride (0.454 g, 1.610 mmol, 0.27 mL). Recrystallization afforded the
3,8-OTf-BTBT as a colorless solid (0.360g, 0.6708 mmol, quant), which was quickly
realized to be prone to decomposition. Unfortunately, instability of this compound
prevented further characterization. 1H NMR (500 MHz, CDCl3) δ = 7.91 (d, J = 8.9 Hz,
2H), 7.72 (d, J = 2.4 Hz, 2H), 7.32 (dd, J = 8.8, 2.4 Hz, 2H) ppm. HRMS ESI [M + Cl]calcd. for C16H6F6O6S4: 570.8640; found: 570.8641.

3,8-Bis(5-hexyl-2-thienyl)dimethoxy[1]benzothieno[3,2-b][1]benzothiophene

(3,8-

HT-BTBT): Following the general Suzuki reaction procedure, 3,8-TfO-BTBT (0.100g,
0.1864 mmol), K2CO3 (0.155 g, 1.1185 mmol), 2-(5-hexyl-2-thienyl)-4,4,5,5-tetramethyl1,3,2-dioxaborolane (HT-Bpin) (0.559 g, 0.165 mmol), H2O (0.56 mL), THF (6 mL), and
Pd(PPh3)4 (0.011g, 0.0093 mmol) were refluxed for 12 hours. Recrystallization from
CHCl3/MeOH afforded the 3,8-HT-BTBT as a colorless solid (0.080 g, 0.1398 mmol,
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75%). 1H NMR (500 MHz, CDCl3) δ = 8.02 (d, J = 1.6 Hz, 2H), 7.89 (d, J = 8.5 Hz, 2H),
7.63 (dd, J = 8.4, 1.7 Hz, 2H), 7.24 (d, J = 3.5 Hz, 2H), 6.80 (d, J = 3.5 Hz, 2H), 2.86 (t, J
= 7.6 Hz, 4H), 1.73 (p, J = 7.5 Hz, 4H), 1.42 (m, 4H), 1.34 (m, 8H), 0.91 (m, Hz, 6H) ppm.
C NMR (126 MHz, CDCl3) δ = 146.09, 141.21, 140.71, 134.03, 133.56, 132.13, 125.16,

13

124.27, 123.17, 123.13, 118.13, 31.67, 31.61, 30.33, 28.81, 22.60, 14.10 ppm. HRMS ESI
[M +] calcd. for C34H36S4: 572.1700; found: 527.1708.

3,8-bis(5'-hexyl-2,2'-bithien-5-yl)dimethoxy[1]benzothieno[3,2-b][1]benzothiophene
(3,8-HBT-BTBT): Following the general Suzuki reaction procedure, 3,8-TfO-BTBT
(0.134 g, 0.2510 mmol), K2CO3 (0.2081 g, 1.506 mmol), 2-(5′-hexyl-2,2′-bithien-5-yl)4,4,5,5-tetramethyl-1,3,2-dioxaborolane (HBT-Bpin) (0.283 g, 0.753 mmol), H2O (0.75
mL), THF (10 mL), Pd(PPh3)4 (0.015 g, 0.0126 mmol) were refluxed for 12 hours.
Recrystallization from CHCl3/MeOH afforded the 3,8-HBT-BTBT as a colorless solid
(0.130 g, 0.1757 mmol, 70%). 1H NMR (500 MHz, CDCl3) δ = 8.09 (s, 2H), 7.95 (d, J =
8.5 Hz, 2H), 7.69 (d, J = 6.6 Hz, 2H), 7.35 (d, J = 3.8 Hz, 2H), 7.14 (d, J = 3.7 Hz, 2H),
7.08 (d, J = 3.8 Hz, 2H), 6.74 (d, J = 3.6 Hz, 3H), 2.84 (m, 4H), 1.73 (m, 4H), 1.40 (m,
12H), 0.93 (t, J = 7.1 Hz, 6H) ppm. HRMS ESI [M +] calcd. for C42H40S6: 736.1454; found:
736.1434.
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